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ABSTRACT 
Optimizing the Selection of Sustainability Measures for Existing Buildings 
Buildings in the United States have significant impacts on the natural environment, 
national economy, and society. According to the U.S. Green Building Council, 
buildings in the United States account for 41% of energy consumption, 73% of 
electricity consumption, 38% of carbon dioxide emissions, and 14% of potable water 
consumption. Furthermore, aging buildings represent a significant percentage of 
existing buildings and are often in urgent need for upgrading to improve their 
operational, economic, social, and environmental performance. The owners of these 
buildings often seek to identify and implement building upgrade measures that are 
capable of improving building sustainability as well as achieving certification under 
various green building programs such as the Leadership in Energy and 
Environmental Design (LEED). Several green upgrade measures can be used to 
improve the sustainability of existing buildings such as energy-efficient lighting and 
HVAC systems, photovoltaic systems, and water-saving plumbing fixtures. Decision 
makers often need to select an optimal set of these building upgrade measures in 
order to maximize the sustainability of their buildings while complying with available 
upgrade budgets.   
The main goal of this research study is to develop single and multi-objective models 
for optimizing the selection of sustainability measures for existing buildings. To 
accomplish this goal, the research objectives of this study are to (1) evaluate the 
actual operational performance of sustainability measures in existing buildings, (2) 
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develop a novel LEED optimization model that is capable of achieving user-specified 
certification levels with minimum upgrade cost, (3) develop an innovative 
environmental model for minimizing the negative environmental impacts of existing 
buildings, (4) develop an economic model for minimizing building life-cycle cost, and 
(5) develop a multi-objective optimization model that is capable of generating optimal 
tradeoffs among the building sustainability objectives of minimizing negative 
environmental impacts, minimizing upgrade cost, and maximizing LEED points.   
The performance of the developed optimization models was analyzed and verified 
using case studies of public buildings. The results of analyzing these case studies 
illustrated the novel and unique capabilities of the developed models in searching for 
and identifying optimal sets of building upgrade measures for existing buildings. 
These new and unique capabilities are expected to support building owners and 
managers in their ongoing efforts to (i) achieve LEED certification, (ii) reduce 
building energy and water consumption, (iii) reduce building negative environmental 
impacts, and (iv) reduce building operational and life-cycle costs.  
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CHAPTER 1  
INTRODUCTION 
 
1.1 Overview and Problem Statement 
Buildings in the United States have significant impacts on the natural environment, 
national economy, and society. According to the U.S. Green Building Council 
[USGBC], buildings in the United States account for 41% of energy consumption; 
73% of electricity consumption; 38% of all carbon footprint; and 14% of water 
consumption (USGBC 2012). Furthermore, Americans spend about 90% or more of 
their time indoors where the level of pollution could be two to five times higher than 
outdoor levels (U.S. Environmental Protection Agency 2009). These significant 
environmental and economic impacts have recently led to an increasing demand for 
improving the sustainability of existing and new buildings (HHS 2013; U.S. 
Environmental Protection Agency 2008, 2011). Sustainability seeks to “meet the 
needs of the present without compromising the ability of future generations to meet 
their own needs” (UN 1987).  
To promote sustainability, an increasing number of public and private owners are 
demanding that their buildings integrate various green measures that promote 
energy efficiency, water conservation, recycling materials, waste reduction, longer 
lifecycle, and healthier indoor environment. These green building measures include 
LED, induction, and efficient fluorescent lighting; motion activated lighting; thermal 
pane glass; energy efficient HVAC equipment, geothermal heat pumps, water 
heaters, hand dryers, vending machines, and refrigerators; solar photovoltaic 
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systems; solar water heaters; and water conserving fixtures. Many owners are also 
demanding that their buildings be certified under various green certification 
programs such as Leadership in Energy and Environmental Design (LEED), 
EnergyStar, or Cleaner & Cleaner. For example, the Illinois Capital Development 
Board (CDB) has issued the “Green Building Guidelines for State Construction” in 
2007 which requires that all construction and major renovations of any state owned 
facilities to satisfy LEED certification requirements. These guidelines also stated that 
all construction and major renovation projects will achieve the highest practicable 
level of LEED certification within the project budget (CDB 2007). This increasing 
demand for the integration of green building measures and building certification is 
presenting decision-makers in the architectural/engineering/construction industry 
with new and emerging challenges including (1) how to evaluate the operational 
performance of green building measures and assess their benefits; (2) how to 
achieve LEED-EB certification levels for existing buildings with the minimum 
upgrade cost; (3) how to quantify the negative environmental impacts and economic 
benefits of building sustainability measures; (4) how to identify the optimal selection 
of sustainability measures from a set of feasible alternatives in order to minimize the 
negative environmental impacts of existing buildings; (5) how to optimize the 
selection of sustainability measures for existing buildings to minimize their life-cycle 
cost; and (6) how to generate optimal tradeoffs among the building sustainability 
objectives of minimizing negative environmental impacts, minimizing upgrade cost, 
and maximizing LEED points.   
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A number of research studies have been conducted to investigate various aspects of 
sustainable and green buildings (Anegas et al. 1995; Birkenfeld et al. 2011; 
Bloomquist 2001; Guiterman and Krarti 2011; Hallinan and Minor 2011; Kenny et al. 
2010; Menassa and Rexrode 2010; Narendran and Gu 2005; Ochoa et al. 2002; 
Pannila 1993; Ries et al. 2006; Sharrard et al. n.d.; USDOE 2008; Vijayan and 
Kumar 2005; Yates 2001). Despite the significant contributions of these studies, 
there is little or no reported research that addresses the aforementioned challenges, 
as shown in Figure 1.1. 
 
Figure 1.1 Challenges and Research Needs in Building Sustainability 
This research study focuses on developing novel models for optimizing the selection 
of sustainability measures for existing buildings. To this end, the developed 
optimization models are designed to (1) achieve LEED certification levels for existing 
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buildings with minimum upgrade cost, (2) minimize the negative environmental 
impacts of existing buildings, (3) minimize the life-cycle cost of existing buildings, 
and (4) maximize the sustainability of existing buildings. The application of these 
models in optimizing sustainability decisions for existing buildings can lead to broad 
and profound impacts including reducing the energy and water consumption of 
existing buildings; reducing the need for and reliance on fossil fuels; reducing 
greenhouse gas emissions, refrigerant impacts, mercury-vapor emissions, and light 
pollution; and reducing the annual expenses and life-cycle costs of buildings. 
1.2 Research Objectives 
The primary goal of this research study is to develop novel models for optimizing the 
selection of sustainability measures for existing buildings. To accomplish this, the 
objectives of this research study along with its research questions are summarized 
as follow: 
Objective one: Conduct a comprehensive literature review on the latest 
research in (1) recent initiatives, standards, and rating systems for promoting 
sustainability in existing buildings; (2) green building measures that are 
capable of reducing the negative environmental impacts of existing buildings 
and minimizing their life-cycle costs; (3) available models for selecting 
upgrade measures to maximize sustainability in buildings; and (4) available 
decision-making and optimization techniques that can be used for selecting 
building upgrade measures.  
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Research Questions: (i) What are the latest green measures that can be 
used to upgrade existing buildings? (ii) How can these green building 
measures be implemented in existing buildings? (iii) How do these measures 
reduce the negative environmental impacts of buildings? (iv) How much 
savings can these green buildings measures provide? (v) What are the 
capabilities of the available optimization models for selecting upgrade 
measures of buildings? and (vi) What are the decision-making and 
optimization techniques that can be used for selecting building upgrade 
measures? 
Objective two: Evaluate the operational performance of various green 
building measures that were recently integrated in existing buildings. 
Research Questions: (i) What are the parameters and factors that affect the 
performance of green building measures? (ii) How can the operational 
performance of green building measures be evaluated? and (iii) What are the 
green building measures that provide the highest operational performance 
based on performance score? 
Objective three: develop a novel LEED optimization model that is capable 
of achieving user-specified certification levels with minimum upgrade cost.  
Research Questions: (i) What are the decision variables that best represent 
the selection of upgrade measures and LEED credit areas? (ii) How to 
formulate the objective function and constraints for this optimization model? 
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and (iii) what is the most effective optimization technique to execute the 
computations of the optimization model? 
Objective four: develop an innovative environmental model that is capable 
minimizing the negative environmental impacts of existing buildings.  
Research Questions: (i) How to quantify the negative environmental impacts 
of buildings? (ii) What are the decision variables that best represent the 
selection of building upgrade measures? (iii) How to formulate the objective 
function and constraints for this optimization model? and (vi) How to 
implement the formulated optimization model and evaluate its performance? 
Objective five: develop an economic model that is capable of minimizing the 
life-cycle cost of existing buildings.  
Research Questions: (i) How to quantify the economic benefits sustainability 
measures? (ii) What are the decision variables, objective function, and 
constraints that can be used to model this optimization problem? (iii) How to 
implement an optimization model that is capable of minimizing the life-cycle 
cost of existing buildings? and (vi) How to evaluate and refine the 
performance of the developed optimization model? 
Objective six: Develop a multi-objective optimization model that is capable 
of optimizing the selection of upgrade measures for existing buildings in 
order to simultaneously minimize their negative environmental impacts, 
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minimize their required upgrade cost, and maximize their earned points in 
the LEED rating system.  
Research Questions: (I) What are the decision variables that best represent 
the selection of building upgrade measures and LEED credit areas? (Ii) How 
to formulate a multi-objective optimization model to generate optimal 
tradeoffs among the aforementioned three sustainability objectives? and (iii) 
What is the most effective multi-objective optimization technique to 
simultaneously optimize these three objectives?   
1.3 Research Methodology 
To accomplish the aforementioned objectives of this study, a research methodology 
is proposed as shown in Figure 1.2. The proposed methodology consists of six 
major research tasks: (1) conduct a comprehensive literature review on the latest 
research studies in promoting and selecting sustainability measures of buildings; (2) 
evaluate the operational performance of sustainability measures in existing 
buildings; (3) create a novel optimization model to minimize the required upgrade 
cost for achieving a specified LEED certification level for existing buildings; (4) 
develop an integrated environmental optimization model to minimize the negative 
environmental impacts of existing buildings; (5) develop an economic optimization 
model to minimize the life-cycle cost of existing buildings; and (6) develop a multi-
objective optimization model to maximize sustainability of existing buildings. 
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Task 1: Conduct a comprehensive literature review  
Task 1.1: Study and investigate recent initiatives for promoting sustainability in 
buildings:  
This task studies and investigates the latest standards for promoting sustainability in 
buildings such as the Leadership in Energy and Environmental Design (LEED) and 
the Green Building Guidelines for State Construction of the Illinois Capital 
Development Board (CDB). Furthermore, this task studies and investigates the 
certification requirements for the LEED rating system for existing buildings.  
Task 1.2: Identify and study the latest green measures and sustainable technologies 
for existing buildings:  
This research task reviews the latest green building measures and technologies for 
promoting sustainability in existing buildings such as energy efficient lighting; motion 
activated lighting; energy efficient HVAC systems, geothermal heat pumps, water 
heaters, hand dryers, vending machines, and refrigerators; thermal pane glass; solar 
photovoltaic systems; solar water heaters; and water saving plumbing fixtures.    
Task: 1.3: Review latest research on selecting upgrade decisions in buildings:  
This task focuses on studying the latest research on evaluating and selecting 
building upgrade measures for existing buildings. This task also studies decision-
making methods and optimization techniques that can be used in optimizing the 
selection of sustainability measures.  
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Task 1.4: study available decision making and optimization techniques:  
This task focuses on studying decision-making methods and optimization techniques 
that can be used in optimizing the selection of green building measures. This task 
studies four decision-making and optimization techniques which include (1) life-cycle 
cost analysis, (2) evolutionary algorithms, (3) dynamic programming, and (4) linear 
and integer programming.   
 
Figure 1.2 Research Methodology 
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Task 2: Operational performance of green building measures 
Task 2.1: Conduct an online survey of green building measures:  
This task focuses on conducting an online survey to evaluate operational 
performance of green measures in existing buildings. This survey gathers feedback 
from maintenance staff of buildings on their experiences in implementing green 
measures in terms of user satisfaction, ease of maintenance, maintenance cost, 
encountered problems, annual savings, and payback periods.  
Task 2.2: Analyze the gathered survey data:  
The purpose of this research task is to analyze the gathered data of the conducted 
online survey and evaluate the operational performance of each green building 
measure. This task also ranks these green building measures based on their overall 
performance score that is developed based on the survey results.   
Task 3: LEED optimization model 
Task 3.1: Identify decision variables:  
This task focuses on identifying the model decision variables that contribute to 
earning points in the LEED rating system for existing buildings.   
Task 3.2: Formulate objective function:  
The objective of this task is to formulate the objective function that is required to 
achieve a specified LEED certificate level with the minimum upgrade cost. 
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 Task 3.3: Identify model constraints:  
The objective of this task is to identify the model constraints that are required to 
satisfy the requirements of the LEED rating system for existing buildings and 
maintain the building operational performance.  
Task 3.4: Implement optimization model:  
This task focuses on implementing the developed LEED model in order to identify 
the optimization technique that can execute the model computations, and identify the 
model input and output data.  
Task 3.5: Evaluate and improve model performance:  
In this task, a case study of a rest area building is analyzed to evaluate and improve 
the performance of the developed optimization model. 
Task 4: Environmental model 
Task 4.1 Develop negative environmental impacts metrics:  
The purpose of this task is to quantify the negative environmental impacts of existing 
buildings using novel metrics. These metrics are then aggregated in an index which 
represent the overall negative environmental impacts of existing buildings.     
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Task 4.2: Formulate optimization model:  
The objective of this task is to formulate decision variables, objective function, and 
constrains in order to minimize the negative environmental impacts of existing 
buildings.  
Task 4.3: Develop optimization model:  
This task focuses on implementing the developed environmental optimization model 
in order to identify the optimization technique that can execute the model 
computations and identify the model input and output data.  
Task 4.4: Analyze the capabilities of the developed model:  
In this task, a case study of a rest area building is analyzed to evaluate and improve 
the performance of the developed optimization model.  
Task 5: Economic model 
Task 5.1: Formulate optimization model:  
The objective of this task is to formulate decision variables, objective function, and 
constrains in order to minimize the life-cycle cost of existing buildings.  
Task 5.2: Implement optimization model:  
This task focuses on implementing the economic optimization model in order to 
identify the optimization technique that can execute the model computations, and 
identify the model input and output data.  
13 
 
Task 5.3: Analyze and refine the model performance:  
In this task, a case study of a public building is analyzed in order to evaluate and 
improve the performance of the developed optimization model. 
Task 6: Sustainability optimization model 
Task 6.1 Select relevant decision variables:  
The objective of this task is to formulate a list of all relevant decision variables of the 
multi-objective optimization model. This list of decision variables are developed 
based on the previous conducted tasks and developed optimization models. 
Task 6.2 formulate objective functions:  
In this task, the objective functions of the multi-objective optimization model are 
developed in order to maximize the sustainability of existing buildings. The 
objectives of this optimization model are designed to: (i) minimize negative 
environmental impacts of existing buildings; (ii) minimize required upgrade cost of 
building upgrade measures and LEED credit areas; and (iii) maximize the number of 
earned points of the LEED rating system for existing buildings.  
Task 6.3 Identify and model all practical optimization constraints:  
The purpose of this task is to identify and implement all relevant optimization 
constraints in order to ensure the practicality of the developed optimization model. 
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Task 6.2 Implement the multi-objective optimization model:  
This task focuses on implementing the developed model using a robust optimization 
technique and identifying the model input and out data.  
Task 6.3 Analyze the performance of the developed model:  
In this task, a case study of a rest area building is analyzed to evaluate and improve 
the performance of the developed multi-objective optimization model. 
1.4 Research Contribution and Impact 
The present research study leads to significant research contributions in a number of 
areas, including (1) creating new knowledge on the operational performance of 
recently implemented sustainable measures in existing buildings, (2) developing a 
novel optimization model to provide the optimum selection of feasible and cost-
effective building measures, plans, and/or performance to achieve LEED certification 
levels for existing buildings with minimum upgrade costs, (3) creating new metrics 
for quantifying negative environmental impacts and economic benefits of existing 
buildings, (4) developing innovative optimization models that are useful to building 
owners and managers in their ongoing efforts to reduce the negative environmental 
impacts and life cycle-cost of their existing buildings while complying with available 
upgrade budgets and user-specified building operational performance, (5) 
developing a multi-objective optimization model that is capable of searching for and 
identifying optimal selection of building upgrade measures to maximize sustainability 
of existing buildings. 
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Furthermore, the application of the developed optimization models in optimizing 
sustainability decisions for existing buildings can lead to more broad and profound 
impacts including reducing the energy and water consumption of existing buildings; 
reducing the need for and reliance on fossil fuels; reducing greenhouse gas 
emissions, refrigerant impacts, mercury-vapor emissions, and light pollution; and 
reducing the annual expenses and life-cycle costs of existing buildings. 
1.5 Report Organization  
The organization of this report along with its relation to main research tasks is 
discussed as follow: 
Chapter 2 presents a detailed literature review that establishes baseline knowledge 
of latest research on (1) available rating systems and initiatives for incorporating 
sustainability in existing buildings, (2) green building measures and sustainability 
technologies for existing buildings, (3) latest research on evaluating and selecting 
building upgrade measures for existing buildings, and (4) decision-making methods 
and optimization techniques that can be used in optimizing the selection of green 
building measures.  
Chapter 3 presents the operational performance of green building measures in 
existing buildings. This chapter discusses the development of an online survey to 
evaluate the operational performance of green measures and sustainable 
technologies in existing buildings. This chapter also discusses the results and 
analysis of the conducted survey that gathered the actual experiences of state 
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Departments of Transportation (DOTs) personnel who recently implemented green 
measures in their facilities.  
Chapter 4 presents the development of a novel LEED optimization model that is 
capable of minimizing the required upgrade cost for achieving a specified 
certification level of the LEED rating system for existing buildings. This chapter 
discusses the model development in four main stages that focus on: (1) identifying 
decision variables that represent all feasible building upgrade measures; (2) 
formulating an objective function that is capable of minimizing the required upgrade 
cost to achieve a specified LEED-EB certification level; (3) modeling all relevant 
optimization constraints to ensure practicality of the model and its generated results; 
and (4) implementing the model using genetic algorithms due to its capabilities in 
optimizing problems that include nonlinear and discontinuous objective function and 
constraints. Furthermore, a case study of a rest area building is used to illustrate the 
optimization model and to demonstrate its novel and unique capabilities.  
Chapter 5 presents the development of a new environmental optimization model that 
is capable of selecting building upgrade measures to minimize the negative 
environmental impacts of existing buildings. The developed optimization model in 
this chapter is developed with novel metrics to quantify and minimize five categories 
of building negative environmental impacts including greenhouse gas (GHG) 
emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and water 
use. The model is developed in three main phases: (1) metrics identification phase 
that develops metrics to quantify the negative environmental impacts of existing 
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buildings; (2) formulation phase that formulates the model decision variables, 
objective function, and constrains; and (3) implementation phase that performs the 
optimization computations and specifies the model input and output data. A case 
study of a rest area building is analyzed in this chapter to evaluate the performance 
of the developed model and illustrate its new capabilities.  
Chapter 6 presents the development of a new economic optimization model that is 
capable of selecting building upgrade measures to minimize the life-cycle cost of 
existing buildings while complying with owner-specified requirements for building 
operational performance and budget constraints. The optimization model in this 
chapter is developed in three main phases: (1) formulation phase which identifies 
the model decision variables, objective function and constraints; (2) implementation 
phase which executes the model computations using Genetic Algorithms and 
identifies its input and output data using databases of building sustainability 
measures; and (3) performance evaluation phase which analyzes and refines the 
performance of the optimization model using a case study of an existing public 
building, 
Chapter 7 presents the development of a sustainability optimization model that is 
capable of searching for and identifying building upgrade measures, LEED credit 
areas, and plans of managing building solid waste to maximize the sustainability of 
existing buildings. This chapter discusses the development of this optimization 
model in five main steps that focus on (i) selecting all relevant decision variables that 
have an impact on the aforementioned optimization objectives, (ii) formulating the 
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objective functions to represent the aforementioned three building sustainability 
objectives, (iii) identifying and modeling all practical optimization constraints; (iv) 
implementing the multi-objective optimization model using Non-dominated Sorting 
Genetic Algorithm (NSGAII); and (v) analyzing the performance of the developed 
model using a case study of an existing public building 
Chapter 8 presents the conclusions, research contributions, and recommended 
future research of the present study. 
 
  
19 
 
CHAPTER 2   
LITERATURE REVIEW  
2.1 Introduction 
A comprehensive literature review have been conducted to establish a solid 
background to pursue the presented research. This literature review focused on 
investigating and analyzing the current practices and relevant research studies in 
promoting and selecting green upgrade measures for improve the environmental 
and economic performance of existing buildings. This chapter summarizes the 
reviewed literature in four main sections (1) recent initiatives for promoting 
sustainability in buildings, (2) available green measures and sustainable 
technologies for existing buildings, (3) latest research studies on selecting building 
upgrade measures, and (4) decision making techniques for selecting building 
upgrade measures.  
2.2 Recent Initiatives for Promoting Sustainability in Buildings 
The use of green design practices and sustainable construction has rapidly 
increased in recent years to promote energy efficiency and sustainability during the 
construction and service life of buildings. Energy efficiency aims at achieving the 
best use of available resources and energy while sustainability seeks to fulfill the 
present needs without compromising future generations from achieving their own 
needs (World Commission on Environment and Development. 1987). The following 
sections provide an overview of the reviewed literature for the available rating 
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systems for promoting sustainability in buildings as well as evaluating the 
performance of green buildings that are certified under these rating systems. 
2.2.1 LEED Rating Systems  
Leadership in Energy and Environmental Design (LEED) is an ecological-oriented 
building certification program that runs under the supervision of the U.S. green 
Building Council (USGBC). The USGBC is a nonprofit organization founded in 1993 
which promotes sustainability and green building design and construction. The 
USGBC has developed the LEED rating system in order to improve buildings 
performance in five key areas: energy efficiency, indoor environmental quality, 
materials selection, sustainable site development, and water savings (USGBC 
2014a). 
Several rating systems have also been developed by the USGBC according to the 
purpose and status of the building under consideration. These rating systems 
include (a)  new construction rating system for new buildings; (b) existing buildings 
rating system for existing buildings; (c) commercial interiors rating system which 
helps tenants and designers to make sustainable choices; (d) schools rating system 
which rates the features of the design, construction, and spaces of schools; (e) 
healthcare rating system which addresses the unique needs of healthcare services; 
(f) neighborhood development rating system which integrates the measures of smart 
growth, urbanism, and green buildings with neighborhood design; and (g) homes 
rating system which categorizes the design and construction of green homes 
(USGBC 2014b).  
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2.2.2 LEED Rating System for Existing Buildings 
The LEED rating system for existing buildings is divided into seven main divisions: 
Sustainable Sites (SS), Water Efficiency (WE), Energy and Atmosphere (EA), 
Material and Resources (MR), Indoor Environmental Quality (IEQ), Innovation in 
Operation (IO), and Regional Priority (RP). Each of these seven divisions is divided 
into subdivision(s) which determines what items need to be fulfilled in order to earn 
LEED credits, as shown in Table 2.1 and Table 2.2. A LEED certified project should 
fulfill all the prerequisites and earn a sufficient number of points to achieve the 
desired certification level. Four certification levels are available for ranking green 
buildings using the LEED rating system: (1) certified level which requires 40 – 49 
points; (2) silver level which requires 50 – 59 points; (3) gold level which requires 60 
– 79 points; and (4) the platinum level which requires 80 points or more, as shown in 
Figure 2.1(USGBC 2013a). 
 
Figure 2.1 LEED-EB rating system and certification requirements 
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Table 2.1 Subdivision of three Main Divisions of LEED Rating System for Existing 
Buildings (USGBC 2013a) 
# Subdivisions 
Max. 
possible 
points 
Sustainable Sites (SS) ( 26 Possible points) 
1.0 LEED Certified Design and Construction  4 
2.0 Building Exterior and Hardscape Management Plan  1 
3.0 Integrated Pest Management, Erosion Control, and Landscape 
Management Plan  
1 
4.0 Alternative commuting transportation  15 
5.0 Site Development-Protect or Restore Open Habitat  1 
6.0 Stormwater quantity control  1 
7.1 
7.2 
Heat island reduction-nonroof  
Heat island reduction-roof  
1 
1 
8.0 Light pollution reduction  1 
Energy and Atmosphere (EA) ( 35 Possible points) 
P1* Energy Efficiency Best Management Practices—Planning, Documentation, 
and Opportunity Assessment  
Required 
P2* Minimum energy efficiency performance  Required 
P3* Fundamental refrigerant management  Required 
1.0 Optimize energy efficiency performance  18 
2.1 Existing Building Commissioning-Investigation and Analysis  2 
2.2 Existing building commissioning-implementation  2 
2.3 Existing building commissioning-ongoing commissioning  2 
3.1 Performance measurement-building automation system  1 
3.2 Performance measurement-system level metering  2 
4.0 On-site and Off-site Renewable Energy  6 
5.0 Enhanced refrigerant management  1 
6.0 Emissions reduction reporting 1 
Materials and Resources (MR) ( 10 Possible points) 
P1* Sustainable purchasing policy  Required 
P2* Solid waste management policy  Required 
1.0 Sustainable purchasing-ongoing consumables  1 
2.0 Sustainable purchasing-durable goods  2 
3.0 Sustainable Purchasing-Facility Alterations and Additions  1 
4.0 Sustainable Purchasing-Reduced Mercury in Lamps  1 
5.0 Sustainable purchasing-food  1 
6.0 Solid waste management-waste stream audit  1 
7.0 Solid waste management-ongoing consumables  1 
8.0 Solid waste management-durable goods 1 
9.0 Solid Waste Management-Facility Alterations and Additions  1 
 
*P: Prerequisite for acquiring a LEED certificate  
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Table 2.2 Subdivision of three Main Divisions of LEED Rating System for Existing 
Buildings (USGBC 2013a) 
# Subdivisions 
Max. 
possible 
points 
Indoor Environmental Quality (IEQ) ( 15 Possible points) 
P1* Minimum indoor air quality performance  Required 
P2* Environmental tobacco smoke (ETS) control  Required 
P3* Green cleaning policy  Required 
1.1 Indoor air quality best management practices-indoor air quality 
management program  
1 
1.2 Indoor air quality best management practices-outdoor air delivery 
monitoring  
1 
1.3 Indoor air quality best management practice-increased ventilation  1 
1.4 Indoor Air Quality Best Management Practices-Reduce Particulates in Air 
Distribution  
1 
1.5 Indoor Air Quality Best Management Practices-Indoor Air Quality 
Management for Facility Alterations and Additions  
1 
2.1 Occupant comfort-occupant survey  1 
2.2 Controllability of Systems-Lighting  1 
2.3 Occupant comfort-thermal comfort monitoring 1 
2.4 Daylight and Views  1 
3.1 Green cleaning-high performance cleaning program  1 
3.2 Green cleaning-custodial effectiveness assessment  1 
3.3 Green Cleaning-Purchase of Sustainable Cleaning Products and Materials  1 
3.4 Green cleaning-sustainable cleaning equipment  1 
3.5 Green Cleaning-Indoor Chemical and Pollutant Source Control  1 
3.6 Green cleaning-indoor integrated pest management  1 
Water Efficiency (WE) ( 14 Possible points) 
1.0 Minimum Indoor Plumbing Fixture and Fitting Efficiency  Required 
2.0 Water performance measurement  2 
3.0 Additional Indoor Plumbing Fixture and Fitting Efficiency  5 
4.0 Water efficient landscaping  5 
5.0 Cooling tower water management  2 
Innovation in Operations (IO) ( 6 Possible points) 
1.0 Innovation in Operations  4 
2.0 LEED accredited professional  1 
3.0 Documenting sustainable building cost impacts  1 
Regional Priority (RP) ( 4 Possible points) 
1.0 Regional priority 4 
 
*P: Prerequisite for acquiring a LEED certificate 
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2.2.3 Performance of Green Buildings and LEED Certified projects   
Several studies have been conducted to evaluate the performance of sustainable 
buildings. For example, a recent study evaluated 11 LEED certified buildings and 
analyzed their energy and indoor water usage. Furthermore, it compared these 
buildings to the design estimates and to the averages of existing commercial 
buildings. This study showed that six of the considered buildings use less energy 
than what was estimated during the design phase. The energy consumption of these 
buildings was also evaluated and it was concluded that all buildings provide an 
average of 40% energy savings compared to their initial baseline. Based on the 
LEED buildings that applied for water reduction, the conducted study showed that 
the actual consumption compared to the initial baseline produced an average water 
savings of 13% (Turner 2006).  
Another study conducted by the US Green Building Council which analyzed a case 
study for certifying JohnsonDiversey Headquarters with the LEED-EB rating system. 
This study analyzed the procedures to pursue a LEED-EB certification, the cost and 
benefits of the selected LEED credits for the project, and the related problems and 
solutions for the accreditation process. The study showed that, acquiring the gold 
LEED-EB certificate has led to several building benefits, including reduction in 
energy consumption, reduction in potable water use due to collection of storm water, 
recycling 50% of the generated solid waste, and controlling of CO2 emissions. The 
implementation cost of this LEED-EB certification was reported to be half the annual 
operating cost which led to half year return on investment (USGBC 2004).  
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Another recent research study also focused on measuring the performance of post-
occupancy LEED projects. This study examined the performance of 25 Illinois 
LEED-NC Projects in terms of energy performance, greenhouse gas emissions, 
water use, commute transportation, construction & operating costs, occupant 
comfort and health. This study compared the performance of these LEED projects to 
the Commercial Building Energy Consumption Survey (EIA 2006). The study found 
that these LEED projects perform better in energy efficiency than the national 
average for all commercial buildings (EIA 2006) with an average improvement of 
24%. The study also reported that a building with higher energy optimization points 
consumes less energy and performs better. This study reported that the energy 
consumption of the analyzed buildings caused 70% of their CO2 emissions, and 
accordingly the achieved reduction in energy consumption generated significant 
reductions in their CO2 emissions (USGBC 2009). 
2.3 Green Measures and Sustainable Technologies for Existing 
Buildings 
2.3.1 Energy Efficient Lighting 
Fluorescent lamps are electrical discharge devices which use ultraviolet energy to 
activate a fluorescent material coated on the inside surface of the lamp (Inman 
1939). The main components of the fluorescent light fixture include: (1) tubular lamp 
which represent the luminaire component of the fixture, (2) ballast which provide the 
initiate start voltage and limit the electric current during operation. The tubular lamps 
are available in different styles based on the lamp diameter, including “T12” or 12/8 
inches diameter, “T8” or 8/8 inches of diameter, and “T5” or 5/8 inches of diameter. 
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Smaller diameters of the tubular lamps are more energy efficient and provide more 
illumination, however, they have higher initial cost. Ballasts are commonly available 
for buildings in two types, including magnetic and electronic ballasts. The electronic 
ballasts are more energy efficient which can reduce electricity consumption of the 
fluorescent light fixture (LRC 2013). 
Induction lighting is another technology which is characterized by high frequency 
light sources. Induction lighting follows the same basic principles of visual radiation 
of conventional electrical power such as fluorescent lamps. The main difference 
between induction lighting and fluorescent lighting is that induction lighting does not 
operate with filaments and electrodes. The main advantage of not having electrodes 
(metal contact) in induction lighting is that when a bulb heats up, the metal and glass 
components expand and contract by different amounts. After many cycles of heating 
and cooling of the fluorescent lamp, the lamp’s glass becomes stressed by these 
thermal expansions and contractions. This eventually leads to air leaks and the lamp 
becomes no longer functional. Therefore, the presence of electrodes in fluorescent 
lamps imposes many restrictions on lamp design, performance and lamp life (AITI 
2008). The elimination of filaments and electrodes results in a lamp of very high 
durability rated at more than 100,000 hours. Induction lighting is based on the 
principles of induction and light generation via a gas discharge (Lai and Lai 2004). 
Induction lamps are most suitable for high ceiling applications where lamps are 
difficult to reach, costly to replace or hazardous to access. Also, induction lamps are 
suitable for applications that have extremely cold temperatures. On the other hand, 
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the main drawback of induction lighting is the high initial cost relative to other types 
of lamps (AITI 2008; Lai and Lai 2004). 
Light Emitting Diodes (LEDs) are solid state devices which are used to convert 
electricity to light and they are characterized by potential high efficiency and long life 
compared to other sources of light. The Early applications of the LEDs were 
monochromatic with low light output which was used mainly for red traffic signals 
and exit signs. The output of LED light has recently increased and lighting 
manufactures currently produce white light using ultraviolet LEDs which can be used 
as a promising lighting product in a wide range of applications (RUUD LIGHTING 
2010; Sachs et al. 2004). LED lighting starts with a small chip, around one square 
millimeter comprised of semi-conducting layers. The LED package may consist of 
one or multiple chips which are mounted on a heat conducting material called sink 
and enclosed in a lens, as shown in Figure 2.2. The LED device consists of typically 
7 to 9 LEDs which can be used separately or in arrays. These LED devices are 
installed on a circuit board which is mounted on another heat sink to manage heat 
from all LEDs in the array and the entire system is enclosed in lighting fixture 
(ENERGY STAR 2007). 
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Figure 2.2 Cross Section in LED Package (ENERGY STAR 2007) 
According to the Department of Energy (DOE), lighting consumes approximately 
22% of electrical consumption in the U.S. This highlights the importance of utilizing 
energy efficient lighting systems such as fluorescent lamps, LEDs, and induction 
lighting due to their potential impact on reducing electricity consumption. The 
potential benefits of utilizing energy efficient lightings include: (1) reduction in energy 
consumption and negative environmental impacts, (2) reduction in the maintenance 
and disposal costs due to longer life expectancy, and (3) compatibility with PV 
systems and lighting controls (RUUD LIGHTING 2010). 
2.3.2 Motion Activated Lighting 
Motion Activated Lighting (MAL) is one of the green technologies that provide energy 
savings by activating light when it is needed. The MAL system uses infrared sensors 
to detect the movement of a heat source in a specific area of reach. As soon as the 
motion is detected, the MAL system triggers light bulbs to turn on as long as it is 
night time. The light bulbs remain on as motion from the heat source is still in 
detection. When the last motion of the heat source is detected, the MAL system 
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remains in detection mode for a specified short time. If no motion is detected, the 
MAL system turns off the light bulbs automatically. There are several applications for 
this technology including outdoor and indoor lighting (Makerere University 2009)). 
This technology has many potential benefits for buildings since it increase the 
efficiency of light usage, reduce electricity consumption and cost, and reduce the 
adverse environmental impacts of conventional energy production (Von Neida et al. 
2001).   
2.3.3 Geothermal HVAC Systems 
Geothermal Heating, Ventilation and Air Conditioning (HVAC) systems are one of 
the green and sustainable technologies that utilize earth’s energy to help heat and 
cool buildings. The temperature of the earth’s surface changes significantly with 
seasons; however, the temperature inside the earth is much more stable. Therefore, 
the ground is warmer than the outside air in the winter and cooler than the outside 
air in the summer. Geothermal HVAC systems use this concept to provide a 
mechanism to use underground as a source of heating and cooling. This technology 
provides heating or cooling by moving heat from/to earth rather than creating heat as 
in traditional furnaces. In the winter, this system extracts heat from earth and uses it 
to heat buildings. In the summer, this system obtains heat from the building and 
deposits it in the ground (Bloomquist 2003; Blumsack et al. 2009; Chiasson 2006; 
Self et al. 2013). 
Geothermal HVAC systems consist of four main components: (i) local soil and 
geological environment which are considered the source of geothermal heat and 
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determines the efficiency of the system; (ii) thermal transfer exchange system which 
transfers heat between its fluid and the earth; (iii) mechanical system or heat pump 
which moves heat between the building and the fluid used in the system; and (iv) 
ventilation ducts or distribution system to deliver heating or cooling to the building. 
Geothermal systems use underground loops made of high-strength polyethylene 
pipes which represent the thermal transfer exchange system. This system is filled 
either with water in regions with temperature ranges above water freezing point or 
anti-freeze in northern regions of the U.S. These pipes are buried in the ground 
where the liquid is circulating in the pipes and into the geothermal unit in the building 
using the geothermal pump. The circulating liquid extracts or discharges heat from 
or into the ground in order to heat or cool the building. Eventually, the ventilation 
ducts or the distribution system is used to distribute heating or cooling throughout 
the building (Bloomquist 2003; Blumsack et al. 2009; Chiasson 2006; Phetteplace 
2007; Self et al. 2013). 
Four types of geothermal HVAC systems are available which are classified mainly 
based on the thermal transfer exchange system. The choice of the geothermal 
HVAC systems is performed based on the climate, soil conditions, available land, 
and local installation cost at site. Three of the geothermal HVAC systems 
(horizontal, vertical, and lake) are closed loop systems while the fourth type is an 
open loop system. The horizontal system is generally cost-effective for new 
construction where sufficient land is available for system installation as it requires 
trenches at least 4 feet deep. The layout is either two main pipes at two different 
depths or two main pipes placed at the same depth with separation distance, as 
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shown in Figure 2.3. The vertical system is usually used for large commercial 
buildings and schools where the land area that is required for the horizontal loops is 
limited. The vertical system is also used if the soil is too shallow for trenching and to 
minimize disturbance to existing landscape. In the vertical system several holes with 
4 inches in diameter are drilled with separation distances, two vertical pipes are 
installed in each of these holes that are connected with a U-bend at the bottom to 
form a loop. These vertical loops are connected together using a horizontal pipe 
placed in a trench and connected to the geothermal pump in the building, as shown 
in Figure 2.4. The lake system is the cheapest geothermal HVAC system however it 
needs an adequate water body that meets minimum volume, depth, and quality 
criteria. A supply line pipe is run underground from the building to the lake and coiled 
into circuits with minimum depth of eight feet, as shown in Figure 2.5. The open loop 
system uses well or surface water as the heat exchange fluid. Once the fluid 
circulates through the system, the fluid is returned back to the ground fluid source. 
This system is practical only when an adequate supply of clean water is available 
that is accepted according to local codes, as shown in Figure 2.6 (Cogeneration 
Technologies 2006) 
 
Figure 2.3 Horizontal Heat Transfer System of Geothermal HVAC (Cogeneration 
Technologies 2006) 
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Figure 2.4 Vertical Heat Transfer System of Geothermal HVAC (Cogeneration 
Technologies 2006) 
 
Figure 2.5 Lake Heat Transfer System of Geothermal HVAC (Cogeneration 
Technologies 2006) 
 
Figure 2.6 Open Loop Heat Transfer System of Geothermal HVAC (Cogeneration 
Technologies 2006) 
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Several benefits could be achieved from geothermal HVAC systems in buildings 
including: (1) cleaner and safer systems compared to conventional oil or gas HVAC 
systems since they have no combustion units; (2) improved energy efficiency as 
they consume 25% to 50% less electricity than conventional heating or cooling 
systems; (3) reduced consumption of fossil fuel; (4) reduced greenhouse emissions 
gasses; (5) better and reduced utilization of space; and (6) reduced noise generation 
since they have no condensing units (Cogeneration Technologies 2006). 
2.3.4 Thermal Pane Glass 
Windows have a significant impact on heat transfer between the interior and exterior 
environments of buildings. They also allow the sun rays to heat and light the building 
interiors during daytime. Windows typically cause 3% to 10% greater heat loss than 
walls and therefore the type of windows needs to be carefully selected in order to 
maximize energy efficiency in buildings. Thermal pane glass is a type of window that 
provides better insulation than other regular/single pane types. It has double or triple 
glass panes separated with air space where the trapped air reduces the heat flux 
lost or gained by the window (ENERGY 2012; Wright 2007).  
The insulation of windows is determined based on the thermal conductivity of glass 
and frame as metal frames conduct more heat than wood or vinyl frames. The 
insulation of a metal frame can be improved by installing a thermal break into the 
frame where it splits the frame into two parts. The overall insulation of windows is 
described by Fourier's Heat Law and windows can be classified based on their U-
values which specify their potential insulation (ENERGY 2012; Wright 2007).  
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Thermal pane glass can provide several benefits over conventional glass including: 
(1) better thermal resistance to summer heat gain and winter heat loss; (2) less 
heating cost; (3) reduced condensation (4) more comfort as it maintains a steady 
room temperature; and (5) more protection for the environment as it reduces the 
consumption of fossil fuel (ENERGY 2012; Wright 2007) 
2.3.5 Solar Systems 
Solar systems are one of the renewable and sustainable technologies which use 
solar energy in producing electricity or heat for buildings. The following section 
discusses two main applications of solar systems: solar photovoltaic systems and 
solar water heating systems.    
2.3.5.1 Photovoltaic Systems 
Photovoltaic systems can be used to convert solar energy into electrical energy. 
These systems utilize photovoltaic cells which are the basic units for energy 
production. Each cell is made of semiconductor material that is sensitive to sunlight 
and usually has an area of 1~100 cm2. Several individual cells are connected 
together to form a module with an area of 0.5 ~2 m2. Modules are then combined 
together to create a photovoltaic array which can provide the needed electricity 
(Oikkonen et al. 2005). There are several types of photovoltaic arrays which can be 
installed either on the roof of buildings or separately on the ground, as shown in 
Figure 2.7.  
The orientation of solar panels is an important factor in determining the system 
output. Solar panels should face south in the Northern Hemisphere to face the 
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sunlight but tilted to the ground with a certain angle to maximize their output. The 
orientation of solar panels differs based on season and latitude in order to provide 
the maximum possible power, however, for fixed photovoltaic systems, solar panels 
tilt angle can be calculated to provide the maximum power output (Landau. 2012). 
Solar panels are affected by weather conditions as they provide their best 
performance in summer time due to the bright sunshine weather that produce more 
power than cloudy and snowy weather in winter. In cloudy weather, the solar panels 
produce 20~30% less power than in bright sunshine. In snow weather and harsh 
weather conditions, the output of solar panels may be significantly reduced or cut off 
which often requires cleaning solar panels from snow. In case of light snowfall, the 
heat stored in the solar panels will probably be sufficient to clear the panels by 
melting snow. In case of rainy weather, the orientation of solar panels will allow rain 
to slip over their faces (Davis Instruments Corp. 2010; Matthews et al. 2004). The 
output of solar panels can be determined based on the average daily peak sun 
hours, as shown in Figure 2.8 (Davis Instruments Corp. 2010; Pless et al. 2005).  
                                          
Figure 2.7 Solar Panels of Photovoltaic Systems 
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Figure 2.8 The Annual Average Daily Peak Sun Hours for The United States (NREL 
2013) 
Solar photovoltaic systems (PV) can be classified into two types: stand-alone 
systems and grid-connected systems. Stand-alone systems are designed to operate 
independently of the local electrical utility grid. The major components of stand-alone 
system are solar panels, charge controller(s), batteries, and inverter(s), as shown in 
Figure 2.9. The developed current of the PV array, which is a Direct Current (DC), 
passes through charge controller to the battery bank where it is stored. The charge 
controller performs two functions: (a) it prevents the battery from being overcharged; 
and (b) it eliminates any reverse current from the battery to the PV array at night. 
The stored energy in the battery bank can be used at any time of the day or night. 
The stored energy can also be used in the harsh weather condition where the PV 
array cannot supply sufficient energy for the building. Inverters carry out the 
inversion of Direct Current (DC) into Alternating Current (AC) where it can be used 
for different appliances in the building (FSEC 1999). 
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Figure 2.9 Major Components of Stand-Alone Photovoltaic Systems (FSEC 1999) 
The grid-connected system is designed to operate while being interconnected with 
an electrical utility grid. The major components of the system are: solar panels, 
inverter or power conditioning unit, and distribution panel, as shown in Figure 2.10. 
The developed current of the PV array is directly inverted to Alternating Current (AC) 
using the inverter where it can be used to power the different appliances of a 
building. When the electrical power of the PV system exceeds the demand for the 
building, the excess electricity is re-routed to the utility line where it can be sold back 
to the utility company if the utility company installs such net-metering devices on 
site. On the other hand, when the demand for the building exceeds the electrical 
power of the PV system, the utility grid provides electricity to cover the energy 
shortage in the building. The utility grid also provides power in the absence of sun 
light and during night times (Smart Water & Energy 2007; Florida Solar Energy 
Center 1999).  
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Figure 2.10 Major Components of Grid-Connected Photovoltaic Systems (FSEC 
1999) 
Photovoltaic systems provide many economic and environmental benefits, including 
energy savings up to 100% using renewable and clean solar source of energy. Also, 
they are capable of reducing the consumption rate of nonrenewable sources of 
energy and reduce greenhouse gas emission. In addition, PV systems have no 
moving parts and therefore they provide a quite source of energy.  
2.3.5.2 Solar Water Heating Systems 
Solar water heating systems use the energy of sunlight to heat water which can be 
used in different building purposes. Solar water heating systems reduce the need for 
conventional water heating. The amount of hot water that solar energy will provide 
depends on the type and size of the system, quality of solar access to “collectors”, 
and climate conditions. A backup heating system for water is necessary for this 
technology where it can be used when the solar energy is not sufficient to meet hot 
water demand or in the absence of solar energy (NCSC 2002; USDOE 1996).  
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Solar water heating systems can be classified as active or passive systems. Active 
systems use electrical driven pumps and valves to control the movement of the heat 
absorbing fluid. Passive systems rely on the natural convection to move the fluid 
through the pipes of the collector.  Using electronic pumps in active solar systems 
allows greater flexibility than in passive systems since the hot water storage tank 
does not need to be near to the solar collectors. Furthermore, active systems are 
designed to operate throughout the year without suffering breakdowns due to 
freezing conditions. Major active systems include Draindown, Pressurized Glycol, 
and Drainback while major passive systems include Integral Collector Storage and 
Thermosiphon systems (NCSC 2002).  
Solar water heating systems can also be classified as direct and indirect systems 
depending on whether the building water is heated directly in the collectors or using 
a heat exchange mechanism, as shown in Figure 2.11. In direct systems, potable 
water is heated directly in the collector which flows directly to faucets. This direct 
system is not suitable in areas with hard or acidic water which can clog the inside of 
the absorber tubing. The direct system is also not efficient in freezing conditions 
where water can be frozen in the collectors and can cause breakdowns to the 
system. The major direct systems include Integral Collector Storage and Draindown 
(NCSC 2002).  
The indirect systems utilize treated water as the heat transfer fluid in order to 
tolerate freezing weather. The treated water in these systems can be a non-freezing 
liquid such as anti-freeze solution, hydrocarbon oil, or silicon. The heat that is 
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absorbed from the collector is transferred to the potable water through a heat 
exchange mechanism such as coil that is either placed inside the storage tank or 
wrapped around it. The major types of indirect systems include Thermosiphon, 
Drainback, and Pressurized Glycol (NCSC 2002). The following section discusses 
the main components of the pressurized glycol system as an example for solar water 
heating systems. 
                         
Figure 2.11 Direct and Indirect Solar Water Heating Systems (NCSC 2002)   
The main components of the pressurized glycol system are collector, storage tank, 
expansion tank, and control, as shown in Figure 2.12. The heat transfer liquid used 
in this system is either a glycol (usually propylene or ethylene) or other hydrocarbon 
which can provide freezing protection. The basic concept of Pressurized Glycol 
system is similar to the Drainback system while the main difference is that the loop 
between the holding tank and the collector is pressurized and an expansion tank is 
used. As stated earlier, a double walled heat exchange system must be used if the 
heat transfer liquid is toxic to protect the potable water from contamination. If the 
liquid is not toxic, a single walled heat exchange system is sufficient. The glycol 
solution also needs to be inspected regularly (NCSC 2002). 
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Figure 2.12 Pressurized Glycol Solar Water Heating System (NCSC 2002) 
The potential benefits of utilizing solar water heating systems in buildings include: (a) 
reduction in energy cost especially when there is a high demand for hot water; (b) 
providing a clean and renewable source of energy which reduces the consumption 
of limited traditional fossil fuel; (c) protecting the environment from the emissions of 
greenhouse gasses; and (d) enhanced reliability with an expected life of more than 
20 years (NREL 2001).  
2.3.6 Energy Star Appliances and Fixtures 
ENERGY STAR is a program sponsored by U.S. Environmental Protection agency 
and The U.S. Department of Energy which aims at evaluating the energy efficiency 
of appliances and fixtures (ENERGY STAR 2000a). This program was established to 
(a) reduce greenhouse gas emissions and other pollutants resulting from the 
inefficient use of energy; and (b) identify products that can provide energy savings 
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without sacrificing functionality, characteristics, and comfort. A product can earn the 
ENERGY STAR rating by meeting the energy efficiency requirements set in the 
ENERGY STAR product specifications. These specification were established based 
on the following principals: (i) product category should provide significant 
contributions to national energy savings; (ii) products must achieve the required 
features and performance for customers and improvements in energy efficiency; (iii) 
products that are more expensive than conventional ones should provide a 
reasonable payback period through savings in energy bills; (iv) products should be 
commercially available through more than one manufacturer; (v) the energy 
performance and efficiency should be evaluated through testing; and (vi) the 
products should be labeled with an ENERGY STAR labels that are obvious for 
customers (ENERGY STAR 2000b).  
The rating of ENERGY STAR can be applied to different appliances and fixtures 
including refrigerants, lighting fixtures, windows, boilers, ceiling fans, geothermal 
heat pumps, water coolers, vending machines, AC units, and furnaces. For example, 
oil and gas furnaces can earn the ENERGY STAR rating by achieving: higher 
Annual Fuel Utilization Efficiency (AFEU) of 85% and 90% or greater and higher 
efficient blower motors. These requirements provide up to 15% efficiency than non-
qualified furnaces (ENERGY STAR 2014a).  
This program can also be applied to buildings through the Environmental Protection 
Agency (EPA) program. The EPA’s energy performance program utilizes a method 
that ranks the performance of facilities based on a scale of 1 to 100 based on the 
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facility’s performance compared to similar buildings in the U.S. A facility with a 
ranking of 50 indicates that the performance of the facility is in the middle of its 
peers, 50% of buildings in U.S. have higher energy efficiency and 50% of buildings 
have lower energy efficiency than this example building. Buildings with a ranking of 
75 or higher are eligible to apply for an ENERY STAR rating (ENERGY STAR 2013, 
2014b).  
2.3.7 Water Saving Plumbing Fixtures 
A number of technologies are currently available in the market to reduce indoor 
water consumption including the use of water efficient toilets, urinals, and faucets. 
For example, the water consumptions of traditional toilets before 1994 were 3.5, 5.0, 
and 7.0 gallons per flush. More recent water conservation toilets have a much lower 
water consumption that ranges from 0 gallons to 1.6 gallons per flush (GAO 2000; 
Schultz Communications 1999).  
Dual flush is an example for an available technology in toilets that can provide 
savings in water consumption. The flushing system of this technology uses 
compressed air instead of the siphon action of gravity. The air in the dual flush 
vessel is compressed as the vessel fills with water. During the flushing process, the 
compressed air drives water from the bowel through the trapway to the disposal. The 
water consumption for the dual flush toilet is approximately 0.8~1.1 gallons per flush 
for liquid waste and 1.6 gallons per flush for solid waste. Similarly, water 
consumption for urinals can be reduced by using available fixtures that use low 
flushing rates (GAO 2000; Schultz Communications 1999).      
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Water efficient faucets can also provide savings in water consumption through a 
reduction in water discharge. Water flow in these faucets can be controlled either 
mechanically or electronically. A controlled faucet delivers water in a pre-set amount 
of water and then shuts off automatically when the user moves away from the faucet 
range. Controlled faucets can be installed as new fixtures and provide water savings 
up to 70% compared to regular faucets. These faucets can also provide proportional 
savings in water heating energy, water treatment and sewage due to the savings in 
water consumption (Schultz Communications 1999).  
Manual faucets can also be upgraded using flow restrictors or aerators, as shown in 
Figure 2.13. Flow restrictors can be installed in faucet heads to reduce their water 
flow. These flow restrictors can reduce maximum flow to 0.5 to 2.5 gallons per 
minute. Flow aerators replace the faucet head screen to lower the water flow by 
adding air to the water stream. Despite the fact that aerators allow less water to flow 
through faucets, they provide unnoticeable difference in their performance (Schultz 
Communications 1999).  
 
Figure 2.13 Aerators Upgrade of Manual Faucets (Schultz Communications 1999) 
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 2.4 Latest Research on Selecting Sustainable Building Upgrade 
Measures 
The use of green and sustainable building measures has increased in recent years 
to reduce the consumption and depletion rate of non-renewable sources of energy 
and to protect the environment from their negative impacts. The use of these green 
measures aims at improving energy efficiency, reducing energy consumption, 
promoting the use of renewable sources of energy, reducing greenhouse gases, and 
improving comfort and quality of life. Several studies have been conducted to 
address the need for improving building sustainability by improving environmental 
and economic performances. The reviewed literature on these studies can be 
grouped into two categories: (1) economic and environmental benefits of 
implementing green measures in buildings, and (2) available models for selecting 
upgrade decisions for buildings. The following sections provide overview of these 
two categories.     
2.4.1 Economic and Environmental Benefits of Green Measures in Buildings 
A number of research studies have been conducted to investigate the 
implementation of green measures in buildings: (Von Neida et al. 2001) conducted a 
research study on various commercial building types in a total of 24 states to 
analyze the potential of energy and cost savings of motion-activated lighting in 
commercial buildings. They found that motion-activated lighting can achieve energy 
savings that range from 6% to 13% of the total building energy consumption, 
depending on the type of application and which time-out settings were used. Another 
study developed a computer modeling tool to calculate photovoltaic power 
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generation for commercial buildings, this tool was able to calculate photovoltaic 
power based on hourly weather data and the tilt angle of a solar collector. The 
developed tool was also able to provide economic analysis for incorporating PV 
systems in commercial buildings. Furthermore, the developed tool was to calculate 
the most efficient angle of solar collectors that can provide the maximum power 
output (Pruitt 2001).  
The Illinois Department of Transportation has conducted a study that considers the 
use of wind power to provide electricity at interstate highway rest areas and weigh 
stations. The main purpose of this study was to analyze the feasibility of using wind 
power to (i) offset electricity costs; (ii) provide an appropriate return on investment; 
and (iii) offset non-renewable energy use. The study gathered and analyzed data on 
wind resources that are available at/near these facilities and compared them to 
commercially available wind turbines. The cost of generating electricity using wind 
power was then estimated and compared to current electricity rates in Illinois. This 
study found that selected combinations of locations and wind turbines can provide 
electricity at competitive rates (Chapman and Wiczkowski 2009).  
Another research study analyzed the performance of LED Street lighting test project 
in downtown Raleigh over a period of six months. The LED lighting test project was 
found to produce 43% reduction in environmental impacts and 42% reduction in 
energy consumption (Henderson 2009).  
Another life-cycle cost study was conducted to compare the performance of green 
technology geothermal heat pumps with conventional HVAC system for a new office 
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building in northeastern Nebraska. This study analyzed the performance of three 
HVAC systems including (i) gas heating and direct expansion cooling; (ii) air-source 
heat pumps; and (iii) geothermal heat pumps. The life cycle cost carried out for 30 
years and showed that geothermal heat pumps had approximately 18% lower net 
present value as compared to the other conventional methods. This study also 
reported that the payback period of the geothermal system based on the annual 
energy savings ranges from 4.1 to 6.6 years based on the utilized system (Chiasson 
2006).  
A similar study was conducted to measure the impact of using water-saving 
plumbing fixtures in buildings. This study found that using low-flow fixtures 
conserves water especially in the case of toilets. Based on a study of 1200 homes in 
12 sites, homes with water-saving toilets were found to consume 40% less water for 
flushing than conventional homes (GAO 2000).  
2.4.2 Available Models for Selecting Building Upgrade Measures  
A number of studies have been conducted to aid decision makers in selecting 
upgrade decision for buildings. Fialho et al. developed a tool that can optimize the 
architectural and structural aspects of buildings to improve their energy efficiency. 
The decision variables of the developed model included building orientation angle 
and insulation material of each external wall. The primary two objectives of this 
research study were to minimize energy consumption and construction costs. The 
developed optimization framework starts with a building design where a multi-
objective optimization algorithm is used to identify building orientation and 
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construction materials that can reduce building energy consumption as well as 
construction costs (Fialho et al. 2011). This research study focused only on two 
building measures that can improve energy efficiency for buildings, however, it did 
not account for other building measures that can provide environmental and 
economic benefits for buildings.  
Another study was conducted to optimize building envelop design for residential 
buildings. This study used genetic algorithms to optimize the variables involved with 
building envelope design for five geographic areas, including Colorado, Illinois, 
Florida, Arizona and California. The objective of the developed optimization model 
was to minimize energy use though minimizing life cycle cost. The decision variables 
included building shape (rectangle, L, T, cross, U, H, trapezoid), wall type, window 
types and locations, roof type, insulation levels, and foundation type (Tuhus-Dubrow 
and Krarti 2010). The characteristics and structure of the developed optimization 
model is shown in Figure 2.14. The developed optimization tool used genetic 
algorithms which were pared with the DOE-2 software in order to simulate real time 
energy consumption and cost in buildings. The conducted study was able to provide 
the optimal building shape and envelop insulation details based on the building 
location in order to reduce energy use (Tuhus-Dubrow and Krarti 2010).  
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Figure 2.14 Flowchart Diagram of The Developed Optimization Model (Tuhus-
Dubrow and Krarti 2010) 
A similar optimization model was developed in order to optimally select building 
envelop features and HVAC system design and operational settings. The decision 
variables of this optimization model included building shape (rectangle, L, T, cross, 
U, H, trapezoid), wall type, window types and locations, roof type, insulation levels, 
foundation type, heating set point, cooling set pint, and type of HVAC system. This 
optimization model imposed a constraint to maintain a thermal comfort of 66⁰ to 80⁰ 
Fahrenheit in the analyzed buildings. Also, it allowed the optimization with budget 
constraint in order limit initial budget available for various upgrade decisions. Three 
algorithms were used with the DOE-2 program in order to compare the output 
results, these algorithms included genetic algorithm with evolutionary natural 
selection process, particle swarm optimization with global stochastic search method, 
and sequential search with gradient descent search technique. All optimization 
techniques were successful in obtaining close results with different computational 
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time. Genetic algorithm and particle swarm optimization used less computational 
time than sequential optimization in order to reach to an optimum solution. The 
developed optimization tool was able to determine the building envelop and HVAC 
system features in five US cities in order to minimize life cycle costs while 
maintaining thermal comfort of two-story home (Bichiou and Krarti 2011).  
Another study was conducted to optimize the LEED-EB upgrade decisions for army 
facilities. The study developed a tool that requires decisions makers to provide an 
estimate for the life-cycle cost for achieving applicable credits in the LEED-EB rating 
system. This user-specified data was then used to identify the most cost-effective 
decisions to achieve the desired LEED certification level (Bastian 2011). Despite the 
contributions of this study, its scope and application are limited because of its 
inability to (1) calculate the energy and water performances of buildings based on 
feasible upgrade measures; (2) identify upgrade decisions that are needed to meet 
the minimum LEED-EB requirements for water and energy performance; and (3) 
calculate LEED-EB credit points based on the expected building performance that 
can be achieved as a result of implementing feasible green building measures. 
These calculations are performed in that tool manually which can overlook the 
optimum selection of energy and water measures to satisfy the requirements of the 
LEED-EB rating system. In addition, the tool was developed based on the old 
version of LEED-EB rating system in 2004 and therefore it is incapable of 
considering the latest credits and scoring methods in the 2012 LEED-EB version, 
such as Regional Priority Division. The developed model in this research study is 
designed to overcome all these limitations.  
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2.5 Decision Making Techniques for Selecting Building Upgrade 
Measures 
Decision making can be defined as the process of identifying and choosing 
alternatives based on the preferences of the decision maker. The process of making 
decision includes identifying objectives and goals of the decision problem, identifying 
possible alternatives and constrains, and selecting the best alternative that most fits 
the problem under consideration. Several techniques have been introduced in 
computer science and mathematics that aids decision makers in: 1) identifying 
alternatives with the highest probability of success and effectiveness, and 2) 
identifying the alternative that best fits the decision making goals, objectives, and 
constrains (Harris 2012). Optimization is a division of decision making which aims at 
either maximizing or minimizing objective function(s). The next section discusses the 
Life Cycle Cost Analysis (LCCA) which can be used to analyze the performance of 
energy saving alternatives and to aid in selecting the most cost effective options.  
The following sections also discuss three widely used optimization techniques 
(evolutionary algorithms, dynamic programming, and weighted linear and integer 
programming) that can be used to optimize the selection of green building 
measures.  
2.5.1 Life-Cycle Cost Analysis 
Life-Cycle Cost Analysis (LCCA) is an economical method for evaluating 
product/project alternatives where all costs associated with an alternative throughout 
its life cycle are taken into consideration. This method is suitable for evaluating 
building upgrade and design alternatives that satisfy the same requirements of 
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performance including occupant comfort, engineering standards, system reliability, 
and aesthetics considerations, however they differ in one or more elements of cost. 
These alternatives need to be compared in order to maximize net savings using Life-
Cycle Cost (LCC) (Fuller and Petersen 1996). The LCC of an upgrade/ design 
alternative is calculated by summing up all costs starting from the 
purchasing/construction phase till the end of the study period. These costs include, 
initial costs, energy and water costs, operating and maintenance costs, replacement 
costs, residual values, and other costs (Fuller and Petersen 1996).  
The initial costs may include any capital investment for land acquisition, 
construction, and/or equipment needed for the facility. The energy and water costs 
are calculated based on consumption, current rates, and price projection and they 
are usually difficult to predict with high accuracy. Maintenance and repair costs are 
also difficult to estimate as they vary significantly from one building to another. Some 
guides are available to estimate these costs such as the Facility Maintenance and 
Repair Cost Reference (Whitestone Research 2013). Replacement costs are 
calculated based on the estimated life of the building system and the length of the 
study period. The residual value represents the remaining value of the system at the 
end of the study period or at the time the system is replaced within the study period. 
If the service life of the system is greater than the study period, a reasonable 
estimate to calculate the residual value of the system is based on a linear proportion 
to its initial cost (Fuller and Petersen 1996).  
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In order to calculate the LCC, all the aforementioned costs need to be converted to 
present values based on a reasonable discount/interest rate. This rate can be 
determined based on the investor’s rate of return. For Feral energy and water 
conservation projects, the discount rate is determined based on the Federal Energy 
Management Program (FEMP) (WBDG 2013). Equation 1-1 shows the LCC 
calculations of a design alternative and Figure 2.15 shows an example for the LCC 
cash flow with the included costs. The purpose of the LCCA is to choose the best 
alternative that provides the lowest LCC of all alternatives and consistent with the 
required quality and functionality. 
𝐿𝐶𝐶 = 𝐼𝐶 + 𝑃𝐸&𝑊 +  𝑃𝑂𝑀𝑅 +  𝑃𝑅 −  𝑃𝑅𝑉 + 𝑃𝑂                                   (1-1) (WBDG 2013) 
Where: IC : initial costs; PE&𝑊 : present value of energy and water costs; POMR  : 
present value of operation, maintenance, and repair costs;  PR : present value of 
replacement costs; PRV: present value of residual value; and PO: present value of 
other costs. 
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Figure 2.15 LCC Cash Flow Example 
2.5.2 Evolutionary Algorithms 
Evolutionary algorithms (EAs) are search algorithms that simulate the biological 
evolution and behavior of species (Elbeltagi et al. 2005). The main concept of EAs is 
that the environment causes natural selection of species and the survivor of the 
fittest which results in a rise in the population fitness. The process of finding the near 
optimum solution in EAs is summarized following six main steps: (1) creating a 
population of individuals with a random genome; (2) the values of the objective 
function is calculated for each individual of the population; (3) a fitness value can be 
assigned for each individual of the population based on the objective function and 
characteristics of the solution candidate; (4) a selection process is carried out to filter 
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solutions based on their fitness and allow solutions with good fitness to survive and 
reproduce with higher probability than solutions with less fitness; (5) offspring are 
created by combining or varying genotypes in the parent solutions through 
combination and mutation processes; and (6) repeat the same procedure starting 
from step 2 unless a termination condition is satisfied (Weise 2008). Figure 2.16 
shows the process of EAs in searching for the near optimum solution.  
Several algorithms have been developed in EAs including: genetic algorithms, 
genetic programming, evolution strategies, learning classifier systems, and 
evolutionary programming. These different evolutionary algorithms are classified 
based on the problem space and search mechanism. The selection of the 
appropriate optimization algorithm depends on the characteristics of the problem 
under consideration. EAs have several benefits over traditional optimization 
techniques including: (1) they can identify global optimum or near optimum solution; 
(2) EAs can deal with nonlinear objective functions and a large number of variables; 
(3) EAs are capable of optimizing problems with multi-objective functions; (4) EAs 
require little problem specific knowledge as compared to other methods. The 
limitations of EAs include: (1) the optimum solution is not guaranteed in a finite 
amount of time; (2) parameter tuning is achieved mostly by trial and error however it 
can be remediated by self-adaptation (Elbeltagi et al. 2005; Weise 2008).   
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Figure 2.16 Evolutionary Algorithms Process (Weise 2008) 
2.5.3 Dynamic Programming 
Dynamic programming is a powerful optimization technique that makes a sequence 
of interrelated decisions. It is a recursive method which adds information to a stack 
each time until stopping conditions are met. Once the stopping conditions are met, 
the optimum solution is revealed by removing information from stack in an 
appropriate sequence. The dynamic programming problem is divided into simple 
sub-problems where optimization can be applied systematically to these sub-
problems. The approach of dynamic programming can be summarized into four main 
steps: (i) defining a small part of the problem starting from the end and finding the 
optimum solution for this part; (ii) enlarging the small part of the problem slightly and 
finding the optimum solution based on the previous optimum solution; (iii) repeating 
step (ii) until enlarging the small problem to reaches to the original problem where 
the stopping conditions are met; and (v) tracking back the optimum solution through 
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the whole problem until the small part of the problem initiated at step (i) (Chinneck 
2014). Figure 2.17 shows a typical problem for dynamic programming where the 
goal of this problem is to find the shortest path from node 1 to node 8. Arcs in this 
network represent the travel time from node i to node j (tij). Also, the movement 
direction between these nodes is indicated with the arrows directions. Finding the 
optimum solution of this problem starts at node 8. At this stage, the dynamic 
programming approach searches for the shortest time from node 8 to node 8 which 
is 0. After that, the next stage starts to account for other nodes such as nodes 5 and 
7. Again, the dynamic programming approach searches for the shortest time 
between node 8 and nodes 5 and 7, as shown in Equation (1-2). This process is 
repeated until reaching to node 1. Finally the optimum solution is revealed and the 
shortest path from node 8 to node 1 is determined.  
 
 
Dynamic programming has several benefits in optimizing decision-making problems  
because (1) it divides the problem under consideration into simple sub-problems that 
can be optimized easily; (2) it is capable of optimizing most multi stage decision 
making problems; (3) it can identify the global optimum solution; and (4) it can be 
applied to optimize many problems including minimizing energy consumption. The 
main limitations of traditional dynamic programming are: (1) it is limited to single 
objective problems; and (2) its computational time for large scale decision problems 
Shortest time 
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= Min i , j  
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+ 
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from solved 
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(1-2)  (Chinneck 2014) 
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is often impractical. These limitations however can be overcome by new algorithms 
such as Approximate Dynamic Programming (ADP) which can optimize large 
problems in a practical time, and multi-objective dynamic programming which can 
deal with more than one objective function (Chinneck 2014).   
 
Figure 2.17 Typical Problem of Dynamic Programming 
2.5.4 Weighted Linear and Integer Programming 
 
The concept of linear programming is to find the highest or the lowest point of an 
objective function. Figure 2.18 shows a simple example for unconstrained linear 
programming, where each point on the curve represents a solution for the problem. 
The problem has infinite number of solutions since it is unconstrained problem with 
single variable. The purpose of linear programming is to search for the best solution 
among the available solutions for the problem, the best solution depends on the type 
of the problem under consideration; it might be the solution that provides the 
maximum savings or the solution that provides the minimum consumption of 
available resources (Chinneck 2014).  
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Figure 2.18 Simple Unconstrained Optimization (Chinneck 2014) 
Decision problems are not always unconstrained however they are limited with the 
available resources and other variables that might narrow the available solutions of 
the problem. The optimization of constrained problems is much harder than 
unconstrained problem since it searches for the best solution that complies with all 
constraints. The main elements of constrained optimization problems are decision 
variables, objective function, and constrains. Decision variables represent values of 
parameters that need to be adjusted or controlled in the problem. The values of 
these variables are not known before carrying out the optimization where the goal of 
the optimization is to find the values of these variables that provide the best outcome 
of the objective function. The objective function is a mathematical expression for the 
goal of the problem which needs to be minimized or maximized and it is expressed 
in terms of the defined decision variables. Constraints are mathematical expressions 
which define limits in possible solutions in terms of decision variables (Chinneck 
2014).  
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Linear programming requires that all the mathematical representations in the 
objective function and the decision variables to be linear. Linear programming is 
widely used and can optimize large problems with a large number of variables 
(Chinneck 2014). The decision variables of linear programming are not always 
continuous as they might be defined as integers to represent non fractional variables 
such as number of products. In this case, this problem is called integer 
programming. If some of the decision variables are restricted to be integers, the 
problem is called mixed integer programming. However, if all decision variables are 
integers, the problem is called pure integer programming (Bradley et al. 1977). 
Traditional linear programming techniques deal with single objective function 
however this limitation can be overcome with a weighted linear programming 
approach. This approach combines the multiple objectives in a single objective 
function by assigning a weight for each objective function that represents its relative 
importance.    
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CHAPTER 3   
OPERATIONAL PERFORMANCE OF SUSTAINABLE MEASURES 
3.1 Introduction 
The objective of this chapter is to evaluate the actual operational performance of 
sustainable and green measures in public buildings that are owned and operated by 
state Departments of Transportation (DOTs) including highway rest areas and office 
buildings. The actual performance of these green building measures was evaluated 
based on user satisfaction, ease of maintenance, encountered problems, repair 
costs, estimated savings, and payback periods. The analyzed green building 
measures in this study were grouped in four main categories: (1) energy efficient 
lighting which includes LED lighting, induction lighting, and energy efficient 
fluorescent lighting; (2) renewable energy measures that include solar panels, solar 
water heaters, solar daylight tubes, geothermal heat pumps, and wind power 
technology; (3) energy efficient measures which include motion activated lighting, 
double pane glass windows, energy efficient hand driers, exhaust heat recovery, and 
airtight entrances; and (4) water efficient measures that include water conserving 
toilets, water conserving urinals, water conserving faucets, rain gardens, and grey 
water systems. To accomplish the objective of this study, a comprehensive survey 
was conducted to gather and analyze the actual experiences of state Departments 
of Transportation (DOTs) personnel who recently implemented green measures in 
their facilities. The following sections describe (1) the survey design and procedure; 
and (2) the survey results and analysis.  
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3.2 Survey Design and Procedure 
The survey was designed to identify green building measures that were 
implemented by various State DOTs and evaluate their performance in terms of user 
satisfaction, ease of maintenance, encountered problems, repair costs, estimated 
savings, and payback periods. The survey was designed following the guidelines of 
the American Association for Public Opinion Research (AAPOR 2011) and it was 
conducted using an online tool (SurveyGizmo 2011) to facilitate its distribution to 
state DOT officials. The survey questions were designed in collaboration with a 
technical review panel that included facility managers and representatives of survey 
respondents to ensure its clarity, conciseness and to minimize standard survey 
biases including sampling error, response, acquiescence, under-coverage, and 
nonresponse biases. The sampling bias was mitigated by sending the survey to all 
facility managers of rest areas and similar buildings in all state DOTs. The response 
and acquiescence biases were minimized by integrating the feedback of the 
aforementioned technical review panel to ensure that the survey questions and 
structure can be easily understood and answered by the survey respondents. The 
under-coverage and non-response biases were reduced by allowing DOT officials to 
distribute the survey and urging their officials to respond to the survey within an 
adequate and flexible time frame of three months (AAPOR 2011; Groves 2004). The 
survey was then sent by Illinois DOT facility managers who served on the technical 
review panel to all facility managers of rest areas and similar buildings in other state 
DOTs. Each survey participant was asked in the first section of the survey to identify 
green building measures that they had experience with in rest areas or similar 
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buildings, and to only report their observed operational performance for the green 
building measures that they had experience with and selected in the first section of 
the survey. These survey respondents are uniquely qualified to evaluate the 
operational performance of green building measures in their rest areas and similar 
buildings as they manage the performance of these facilities as well as keep track of 
their operational costs and maintenance problems. 
The survey consists of five sections, the first section requires that state DOT officials 
select green building measures that were implemented in their facilities and identify 
the types of buildings where these green measures were implemented. The second 
section asks state DOT officials to report their level of satisfaction for each 
sustainable measure. User satisfaction is identified for each selected measure 
based on a scale that consists of five categories: “very satisfied”, “satisfied”, 
“neutral”, “dissatisfied”, and “very dissatisfied”. The third section asks state DOT 
officials to indicate the ease of maintenance for each selected green measure. Ease 
of maintenance is identified for each selected measure using a scale that consists of 
three levels: “easy to maintain”, “moderate”, and “difficult to maintain”. The fourth 
section asks State DOT officials to list encountered problems and estimated repair 
cost for each selected green measure. The last section asks State DOT officials to 
report their experienced average reduction in electricity/water usage and expected 
payback period for each green measure, if available.  
The results of the survey respondents are analyzed using statistical averages and 
confidence intervals to identify the average score of each green building measure in 
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each performance category and identify measures with high and low performances. 
An overall performance score is calculated for each green building measure based 
on its weighted scores in the four performance categories. Sensitivity analysis is 
performed to assess the sensitivity of the calculated overall performance score to 
the assigned weights of the four performance categories. 
3.3 Survey Results and Analysis 
The results of the survey are summarized in the following six sections that report the 
main findings of the survey on: (1) the types of implemented green building 
measures in state DOT buildings; (2) the degree of user satisfaction for each of the 
implemented green building measures; (3) the ease of maintenance for these green 
measures; (4) the encountered problems and repair costs after implementing these 
green measures; (5) the experienced average reduction in electricity/water usage 
and expected payback period for each green measure; and (6) the overall 
performance of each of the analyzed green building measures that represents its 
collective performance in user satisfaction, ease of maintenance, encountered 
problems, and payback period.  
A total of 31 responses were received from 30 officials in the State DOTs and one in 
the Ontario Ministry of Transportation in Canada. Responses were received from 
DOT officials in 26 states, including: one response from one official in Michigan, 
Indiana, Iowa, Pennsylvania, California, New York, Massachusetts, Florida, Texas, 
Arizona, Mississippi, North Dakota, South Dakota, Alabama, Utah, North Carolina, 
South Carolina, Louisiana, Idaho, Arkansas, Kentucky, Wyoming; and two 
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responses from two officials in Washington, Colorado, New Mexico, and Minnesota. 
The roles of the survey respondents included: maintenance analyst, facilities 
manager, roadside environmental engineer, roadside development program 
manager, manager of sustainable transportation, two principal landscape architects, 
associate landscape architect, rest area administrator, two capital facilities 
operations and inventory managers, capital improvements manager, facility project 
planner, project management architect, two maintenance and operations branch 
managers, chief landscape architect, roadside program administrator, facilities 
management section head, facilities engineer, maintenance engineer, consultant 
management engineer, architect, regional manager, business manager, chief of 
facilities management division, division director, architecture and highway standards 
engineer, safety rest area program manager, and maintenance officer from the 
Ontario Ministry of Transportation. It should be noted that each of the DOT officials 
who participated in this survey had experience in implementing and evaluating the 
actual operational performance of green building measures in a number of DOT 
buildings. 
3.3.1 Implemented Green Measures 
The survey respondents were asked to identify implemented green building 
measures in their buildings from a comprehensive list and to add any other green 
measure that was not included in the list. The survey respondents were also asked 
to identify what kind of buildings that implemented these measures including office 
buildings, rest areas and welcome centers, and specify other buildings, if any. 
Figure 3.1 illustrates the ranking of the implemented green measures in various 
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state DOT buildings based on their reported number of respondents. The survey 
results showed that LED lighting, energy efficient fluorescent, geothermal heat 
pumps, motion activated lighting, double pane glass windows, water conservative 
toilets, urinals, and facets are the most commonly used green technologies that 
were reported by at least 45% of the survey respondents. The less commonly used 
green measures included induction lighting, solar water heaters, solar daylight tubes, 
wind power technology, rain garden, and gray water systems as they were reported 
by less than 19.4% of the survey respondents. The additional green measures that 
were not included in the survey list and were reported by the respondents are 
summarized in Table 3.1. The survey respondents reported the type of buildings 
where these green measures were implemented, as shown in Table 3.2. 
 
Figure 3.1 Percentage of Responses Implementing Various Green Building 
Measures  
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Table 3.1 Green Measures Not Listed in the Survey and Added By Respondents  
Measure # Added green measure 
Number of 
respondents 
1 Passive solar sitting 3 
2 Recycling 2 
3 Using recycled materials 2 
4 
Native vegetation requiring no water other than 
naturally available 
2 
5 HVAC controls and temperature management 2 
6 Cistern for flushing toilets 1 
7 Cistern for watering landscaping 1 
8 Waterless urinals 1 
9 Radiant floor heating 1 
10 Designed, constructed and maintained to LEED Silver 1 
11 LEED design 1 
12 Switch activated heaters 1 
13 T-12 lighting 1 
14 Energy audits 1 
15 All new construction LEED certified 1 
16 Evaporative cooling in desert rest areas 1 
17 Hot water boilers 1 
18 Building automation and controls 1 
19 Local materials 1 
20 Low/no VOC paints 1 
 
 
Table 3.2 Type of Buildings with Green Measures  
Rest areas / welcome centers Office buildings Other* 
28 14 8 
* Other reported buildings include three maintenance facilities, district complex, salt storage building, 
truck station, transit buildings, airport facilities, and freeway lighting demo. 
 
3.3.2 User Satisfaction 
Survey respondents reported the level of user satisfaction of their implemented 
green measures using a five-point scale: “very satisfied”, “satisfied”, “neutral”, 
“dissatisfied”, or “very dissatisfied”. In order to identify an average user satisfaction 
for each green building measure, these five levels were represented numerically 
using a scale that ranges from 1.0 to 5.0, where 1.0 represents “very dissatisfied” 
and 5.0 represents “very satisfied”. The reported user satisfaction levels are 
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summarized and ranked based on the average user satisfaction level and a 90% 
confidence interval, as shown in Figure 3.2. The survey results showed that seven 
green measures provided average satisfaction levels higher than 4.0, which is 
equivalent to “satisfied”, as shown in Figure 3.2. These seven satisfactory measures 
can be ranked based on their reported averages as: double pane glass windows, 
energy efficient fluorescent, exhaust heat recovery, solar daylight tubes, geothermal 
heat pumps, motion activated lighting, and water conserving faucets. The remaining 
building measures received average user satisfaction levels that ranged from 3.3 to 
4.0, with the exception of wind power technology that received an average user 
satisfaction of 2.0, which is equivalent to “Dissatisfied”, as shown in Figure 3.2. On 
the other hand, the user satisfaction results for the additional green measures that 
were not listed in the survey and added by respondents are summarized in 
Table 3.3. 
 
Figure 3.2 Ranking of Green Building Measures Based on their User Satisfaction 
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Table 3.3 User Satisfaction Results for Added Green Measures 
# Added green measures User satisfaction 
1 Passive solar sitting Satisfied 
2 Recycling Very satisfied, Satisfied 
3 Using recycled materials Satisfied, Neutral 
4 
Native vegetation requiring no water other than naturally 
available 
Very satisfied 
5 Cistern for flushing toilets Satisfied 
6 Cistern for watering landscaping Satisfied 
7 Waterless urinals Very satisfied 
8 Radiant floor heating Very satisfied 
9 Designed, constructed and maintained to LEED Silver Very satisfied 
10 LEED design Satisfied 
11 Switch activated heaters N.R.* 
12 Installing T-12 lighting Satisfied 
13 Energy audits Satisfied 
14 HVAC controls and temperature management Satisfied 
15 Equipment upgrades/replacements Satisfied 
16 All new construction LEED certified Satisfied 
17 Evaporative cooling in desert rest areas Very satisfied 
18 Hot water boilers Very satisfied 
19 Building automation and controls Very satisfied 
20 Local materials N.R.* 
21 Low/no VOC paints N.R.* 
*N.R.: Not Reported 
3.3.3 Ease of Maintenance  
The survey respondents also reported the level of ease of maintenance for their 
implemented green building measures using a 3-point scale that offers three 
alternative selections: “easy to maintain”, “moderate”, and “difficult to maintain”. In 
order to identify an average ease of maintenance for each green measure, these 
three levels were represented numerically using a scale that ranges from 1.0 to 5.0, 
where 1.0 represents “difficult to maintain”, 3.0 represents “moderate” to maintain, 
and 5.0 represents “easy to maintain”. The reported ease of maintenance levels are 
summarized and ranked based on the average user satisfaction and 90% 
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confidence interval, as shown in Figure 3.3. The survey results showed that 14 
green measures provided average ease of maintenance levels higher than 3.0, 
which is equivalent to “moderate”, as shown in Figure 3.3. These 14 easy to 
maintain measures can be ranked based on their reported averages as: LED 
lighting, energy efficient fluorescent, induction lighting, double pane glass windows, 
motion activated lighting, solar daylight tubes, exhaust heat recovery, water 
conserving toilets, water conserving faucets, airtight entrances, energy efficient hand 
driers, water conserving urinals, geothermal heat pumps, and solar panels. The 
remaining building measures received average ease of maintenance levels that 
ranged from 2.3 to 3.0, as shown in Figure 3.3. The reported ease of maintenance 
results of the additional green measures that were not listed in the survey and added 
by respondents are summarized in Table 3.4. 
 
Figure 3.3 Ranking of Green Building Measures Based on their Ease of 
Maintenance 
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Table 3.4 Ease of Maintenance Results for Added Measures  
# Added green measures Ease of maintenance level 
1 Passive solar sitting Easy to Maintain 
2 Recycling Easy to Maintain 
3 Using recycled materials Easy to Maintain 
4 
Native vegetation requiring no water other than 
naturally available 
Easy to Maintain 
5 Cistern for flushing toilets Moderate 
6 Cistern for watering landscaping Moderate 
7 Waterless urinals Moderate 
8 Radiant floor heating Moderate 
9 Designed, constructed and maintained to LEED Silver Moderate 
10 LEED design Moderate 
11 Switch activated heaters N.R.* 
12 Installing T-12 lighting Easy to Maintain 
13 Energy audits Moderate 
14 HVAC controls and temperature management Easy to Maintain, moderate 
15 Equipment upgrades/replacements Moderate 
16 All new construction LEED certified Easy to Maintain 
17 Evaporative cooling in desert rest areas Easy to Maintain 
18 Hot water boilers Easy to Maintain 
19 Building automation and controls Easy to Maintain 
20 Local materials N.R.* 
21 Low/no VOC paints N.R.* 
*N.R.: Not Reported 
 
3.3.4 Operation Problems and Repair Costs 
The participating DOT officials were asked to list their encountered problems and 
associated repair costs, if available, for the implemented green measures in their 
facilities. The reported problems by the survey respondents are listed and 
summarized in Table 3.5 and Table 3.6 for energy and water green building 
measures, respectively. The green building measures are ranked based on the 
percentage of respondents reporting problems, as shown in Figure 3.4. The survey 
results showed that six green measures had no reported problems including: LED 
lighting, energy efficient fluorescent, solar daylight tubes, double pane glass 
windows, rain gardens, and gray water systems, as shown in Figure 3.4. The 
remaining building measures received varying numbers of reported problems that 
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range from 1 to 5, as shown in Table 3.5 and Table 3.6. The percentage of 
respondents reporting problems ranges from 9.1% to 66.7%, as shown in Figure 3.4. 
The reported problems and associated repair costs of the additional green measures 
that were not listed in the survey and added by respondents are summarized in 
Table 3.7.  
Table 3.5 Operation Problems and Repair Costs for Energy Measures 
Energy 
measures 
Encountered problems 
Respondents 
reporting 
problems (%)* 
Repair cost 
Respondents 
reporting 
repair cost (%)* 
Induction 
lighting 
problems with initial fixtures 25.00% 
repaired under 
warranty 
25.00% 
Solar 
panels 
vandalism/theft 27.30% 
$6,900, total 
replacement 
18.20% 
Solar water 
heaters 
unavailability of parts for old 
system 
33.30% none 0.00% 
Geothermal 
heat pumps 
pump replacement 14.30% $250  7.10% 
problem during installation 7.10% 
repaired under 
warranty 
7.10% 
Wind power 
technology 
maintenance Cost were 
more than energy savings 
33.30% 
$1,200 
annually 
33.30% 
problem with initial units 
supplied 
33.30% 
repaired under 
warranty 
33.30% 
Motion 
activated 
lighting 
sensor failure 5.60% none 0.00% 
training personnel 5.60% none 0.00% 
Getting light sensors 
properly located, having 
them function as designed. 
11.10% none 0.00% 
Energy 
efficient 
hand driers 
increased/unacceptable 
noise level the closer that 
hands are held near the 
exhaust 
18.2% none 18.2% 
part replacement 9.10% none 0.00% 
equipment problems with 
two new units 
9.10% 
Repaired under 
warranty 
9.10% 
Exhaust 
heat 
recovery 
can be large and hard to get 
in space initially 
10.00% none 10.00% 
shortened unit life due to 
absent filters 
10.00% none 10.00% 
Airtight 
entrances 
automatic doors need 
frequent adjustment 
11.10% 
at least $200 
for each repair 
11.10% 
gaskets & seals 11.10% $500  11.10% 
Ongoing repair of weather 
stripping, ice buildup 
affecting doors to stick open. 
11.10% None 0.00% 
*Percentage of respondents reporting problems or repair cost = 
Number of respondents reporting problems or repair costs for a green measure (e.g., LED lighting)
Number of respondents implementing this green measure (e.g. LED lighting)
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Table 3.6 Operation Problems and Repair Costs for Water Measures 
Water 
efficient 
measures 
Encountered 
problems 
Percentage of 
respondents 
reporting 
problems (%)* 
Repair cost 
Percentage of 
respondents 
reporting repair 
cost (%)* 
Water 
conserving 
toilets 
Increases solids 4.50% 
Adjustments 
needed - $0 
6.30% 
Lower flows contribute 
to plugging and 
increased solids  
4.50% 
Extra 
maintenance/ 
time/ effort to 
keep operational 
6.30% 
Effectiveness 4.50% None 0.00% 
Incomplete flush 4.50% None 0.00% 
Water 
conserving 
urinals 
Electronic controls 4.80% $250/unit 5.60% 
Odor problem 4.80% None 0.00% 
Odor and increased 
maintenance frequency 
4.80% Not available 0.00% 
Cartridge replacement 4.80% Not available 0.00% 
Increases solids 4.80% None 0.00% 
Water 
conserving 
faucets 
Electronic controls 4.50% Not available 0.00% 
Initial adjustments 4.50% By contractor 6.30% 
 *Percentage of respondents reporting problems or repair cost = 
Number of respondents reporting problems or repair costs for a green measure (e.g., LED lighting)
Number of respondents implementing this green measure (e.g. LED lighting)
 
 
 
Figure 3.4 Ranking of Green Building Measures Based on Percentages of Reported 
Problems  
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Table 3.7 Operation Problems and Repair Costs for Added Measures 
# Added green measure Encountered problems 
Repair 
cost ($) 
1 Passive solar sitting Unable to purchase solar louvers. N.R.* 
2 Recycling None N.R.* 
3 Using recycled materials None N.R.* 
4 
Native vegetation requiring no 
water other than naturally 
available 
None N.R.* 
5 Cistern for flushing toilets Pump system that has been hit by lighting N.R.* 
6 Cistern for watering landscaping 
No meter on this system to know amount of 
water collected. 
N.R.* 
7 Waterless urinals 
Cartridge must be changed after certain 
number of uses, and waste piping must be 
flushed out on a regular basis to avoid build 
up. 
N.R.* 
8 Radiant floor heating None N.R.* 
9 
Designed, constructed and 
maintained to LEED Silver 
None N.R.* 
10 LEED design 
Added cost and effort during design and 
construction 
N.R.* 
11 Switch activated heaters None N.R.* 
12 Installing T-12 lighting None N.R.* 
13 Energy audits None N.R.* 
14 
HVAC controls and temperature 
management 
None N.R.* 
15 
Equipment 
upgrades/replacements 
None N.R.* 
16 
All new construction LEED 
certified 
None N.R.* 
17 
Evaporative cooling in desert rest 
areas 
Regular Maintenance N.R.* 
18 Hot water boilers No Problems N.R.* 
19 Building automation and controls Operator error N.R.* 
20 Local materials None N.R.* 
21 Low/no VOC paints None N.R.* 
*N.R.: Not Reported 
 
3.3.5 Energy/Water Savings and Payback Periods  
The participating DOT officials in the survey were asked to report their experienced 
energy/water savings and payback periods for the implemented green measures, as 
shown in Figure 3.5 and Figure 3.6. The survey results showed that eight green 
measures provided average energy/water savings that ranged from 0.1% to 25% of 
the total building consumption, as shown in Figure 3.5. The top six green building 
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measures based on their average energy/water savings are: water conserving 
toilets, LED lighting; geothermal heat pumps; solar panels; water conserving urinals; 
and exhaust heat recovery, as shown in Figure 3.5. The other six green building 
measures (i.e., energy efficient fluorescent; motion activated lighting, airtight 
entrances, water conserving faucets, double pane glass, and energy efficient hand 
driers) have average energy or water savings of less than 5%, as shown in 
Figure 3.5. The survey respondents did not report savings for the remaining six 
building measures (i.e., induction lighting, solar water heaters, solar daylight tubes, 
wind power technology, rain gardens, and gray water systems).  
The green building measures are also ranked based on their average expected 
payback periods, as shown in Figure 3.6. The survey results showed that 10 green 
measures have average payback periods of less than or equal 10 years, as shown 
in Figure 3.6. These 10 green measures can be ranked based on their payback 
periods as: energy efficient hand dryers, energy efficient fluorescent, water 
conserving faucets, toilets, and urinals, motion activated lighting, exhaust heat 
recovery, solar water heaters, solar daylight tubes, and airtight entrances. Five other 
building measures (i.e., geothermal heat pumps, double pane glass windows, LED 
lighting, solar panels, and wind power technology) have average payback periods 
that range from 10.67 years to 36 years, as shown in Figure 3.6. The survey 
respondents did not report expected payback periods for the remaining three 
measures (induction lighting, rain gardens, and gray water systems). The average 
reported energy and water savings as well as payback periods of the surveyed 
green building measures are consistent with the reported savings and payback 
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periods in the literature (Bloomquist 2001; Chapman and Wiczkowski 2009; 
Chiasson 2006; GAO 2000; Henderson 2009; Von Neida et al. 2001; Sebnem 1992; 
USDOE 2008). It should be noted that, the energy savings of solar panels are 
dependent on the system size and types of their components, subsequently the 
average reported savings are not a representation of the typical average savings of 
this measure. It should be noted that the energy savings and payback period of 
geothermal heat pumps can vary based on the geographical location of the building 
and its weather conditions. For example, the use of geothermal heat pumps in 
northern states can produce higher energy savings than southern states due to their 
cold winter seasons. Accordingly, the reported energy savings and payback periods 
for geothermal heat pumps in this survey were grouped into northern and southern 
states categories to enable the calculation of adjustment factors that can be used to 
adjust the reported national averages. These reported national averages in the 
survey can be adjusted for northern states by multiplying them with adjustment 
factors of 1.26 and 0.66 for energy saving and payback period, respectively. 
Similarly the reported averages can be adjusted for southern states by multiplying 
with adjustment factors of 0.74 and 1.41 for energy saving and payback period, 
respectively. Each of these four adjustment factors was calculated by dividing the 
average energy savings or payback periods that were reported in the survey for 
northern or southern states by the national average energy savings or payback 
periods in all states.  
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Figure 3.5 Ranking of Green Building Measures Based on Reported Energy/Water 
Savings 
 
Figure 3.6 Ranking of Green Building Measures Based on Reported Payback 
Periods 
 
3.3.6 Overall Performance and Ranking of Green Building Measures  
An overall performance score was calculated for each of the analyzed green building 
measures to represent its collective performance in the aforementioned four 
categories (user satisfaction, ease of maintenance, operation problems, and 
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payback period), as shown in Equation (3-1). The overall performance score can 
range from 100% for best overall performance to 0% for worst overall performance. 
A green building measure can receive a score of 100% if it achieves top 
performance in all four categories (very satisfied, easy to be maintained, no 
operation problems, and a payback period less than 5 years). On the other hand, a 
green building measure can receive a score of 0%, if it achieves lowest performance 
in all four categories (very dissatisfied, difficult to be maintained, 100% reported 
problems, and a payback period longer than 30 years).  
𝑂𝑃𝑆𝑗 = 𝑊𝑈𝑆  ×  𝑁𝑈𝑆𝑗 +  𝑊𝐸𝑀  ×  𝑁𝐸𝑀𝑗 + 𝑊𝑂𝑃  ×  𝑁𝑂𝑃𝑗 + 𝑊𝑃𝑃  ×  𝑁𝑃𝑃𝑗          (3-1) 
Where, 𝑂𝑃𝑆𝑗 is the overall performance score of green building measure j; 𝑊𝑈𝑆 is the 
weight of the user satisfaction category ;  𝑁𝑈𝑆𝑗  is the normalized performance of 
green building measure j in the user satisfaction category; 𝑊𝐸𝑀 represents the 
weight of the ease of maintenance category;  𝑁𝐸𝑀𝑗 is the normalized performance of 
green building measure j in the ease of maintenance category; 𝑊𝑂𝑃 is the weight of 
the operation problems category ;  𝑁𝑂𝑃𝑗  is the normalized performance of green 
building measure j in the operation problems category; 𝑊𝑃𝑃 is the weight of the 
payback period category ;  𝑁𝑃𝑃𝑗  is the normalized performance of green building 
measure j in the payback period category. 
The normalized performance of each green building measure j in each of the 
aforementioned four performance categories (𝑁𝑈𝑆𝑗; 𝑁𝐸𝑀𝑗; 𝑁𝑂𝑃𝑗; 𝑁𝑃𝑃𝑗) is calculated 
based on the survey results and the scoring methods in Figure 3.7. For example, the 
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normalized performance in the user satisfaction category (𝑁𝑈𝑆𝑗) and the ease of 
maintenance category ( 𝑁𝐸𝑀𝑗 ) are calculated using a five-point and three-point 
scoring methods, as shown in Figure 3.7 (A), and 7(B), respectively. On the other 
hand, the normalized performance in the operational problems category (𝑁𝑂𝑃𝑗) is 
calculated using a two-point scoring method as shown in Figure 3.7 (C), while the 
normalized performance in the payback period category (𝑁𝑃𝑃𝑗) is calculated using a 
five-point scoring method that classifies the payback period into five categories: 
more than 30 years, 20 to 30 years, 10 to 20 years, 5 to 10 years, and less than 5 
years, as shown in Figure 3.7 (D). 
The calculation of the normalized performance of each green building measure j in 
the four performance categories (𝑁𝑈𝑆𝑗; 𝑁𝐸𝑀𝑗; 𝑁𝑂𝑃𝑗; 𝑁𝑃𝑃𝑗) is shown in Equations 3-
2 through 3-5.  
𝑁𝑈𝑆𝑗 =  ∑ 𝑃𝑈𝑆𝑠𝑗
5
𝑠=1 ∗ (𝑠 − 1) ∗ 0.25    (3-2) 
Where, PUSsj is the percentage of survey respondents selecting option s for green 
building measure j; and s is the survey respondent selection from the five-point scale 
of user satisfaction of 1.0, 2.0, 3.0, 4.0, and 5.0, where s=1.0 represents very 
dissatisfied and s=5.0 represents very satisfied.  
𝑁𝐸𝑀𝑗 = ∑ 𝑃𝐸𝑀𝑚𝑗
5
𝑚=1 ∗ (𝑚 − 1) ∗ 0.25    (3-3) 
Where, PEMmj is the percentage of survey respondents selecting option m for green 
building measure j; and m is the survey respondent selection from the three-point 
80 
 
scale of ease of maintenance of 1.0, 3.0, and 5.0, where m=1.0 represents difficult to 
maintain and m=5.0 represents easy to maintain. 
𝑁𝑂𝑃𝑗 =  100% −  𝑃𝑂𝑃𝑗             (3-4) 
Where 𝑃𝑂𝑃𝑗  is the percentage of survey respondents reporting that they 
encountered operational problems after they implemented green building measure j.  
𝑁𝑃𝑃𝑗 =  ∑ 𝑃𝑃𝑃𝑝𝑗 ∗ (𝑝 − 1) ∗ 0.25 
5
𝑝=1    (3-5) 
Where PPPpj  is the percentage of survey respondents reporting a category of 
payback period p for green building measure j; and p is the category of the reported 
payback period, where p=1.0 represents a payback period of more than 30 years, 
p=2.0 represents a payback period of 20 to 30 years, p=3.0 represents a payback 
period of 10 to 20 years, p=4.0 represents a payback period of 5 to 10 years, and 
p=5.0 represents a payback period of less than 5 years, as shown in Figure 3.7 (d). 
The calculated normalized performance of each green building measure j in each of 
the aforementioned four performance categories (𝑁𝑈𝑆𝑗 ; 𝑁𝐸𝑀𝑗 ; 𝑁𝑂𝑃𝑗 ; 𝑁𝑃𝑃𝑗 ) using 
Equation (3-2) through (3-5) is summarized in Table 3.8. These normalized 
performances are then used to calculate the overall performance of the analyzed 
green building measures using Equation (3-1) and based on varying weights as 
shown in Figure 3.8 and Table 3.9. First, the weights of the four performance 
categories were assumed to be equal (𝑊𝑈𝑆  = 𝑊𝐸𝑀  = 𝑊𝑂𝑃  = 𝑊𝑃𝑃 = 0.25) and the 
analyzed green building measures were ranked based on their calculated overall 
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performance score (𝑂𝑃𝑆𝑗), as shown in Figure 3.8 and Table 3.9. The findings of this 
analysis show that energy efficient fluorescent achieved the highest performance 
with a score of 85% while wind power technology achieved the lowest performance 
with a score of 30%. Second, a sensitivity analysis was conducted to assess the 
sensitivity of the calculated overall performance score to the assigned weights of the 
four performance categories, as shown in Figure 3.8 and Table 3.9. The sensitivity 
analysis shows that the overall performance score and ranking of green building 
measures (Figure 3.8 and Table 3.9) does not significantly change based on varied 
weights. This can be attributed to the consistency in the reported performances in 
the four categories in the survey results. Green building measures that received high 
levels of user satisfaction were also reported by the survey respondents to be easy 
to maintain with few encountered problems and with short payback periods. The 
results of the sensitivity analysis also shows that the top performing green building 
measures are energy efficient fluorescent, double pane glass, solar daylight tubes, 
and LED lighting.       
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Figure 3.7 Scoring Methods for Calculating Normalized Performance of Green 
Building Measures  
Table 3.8 Normalized Performance of Green Building Measures 
Green Building Measure 
(𝐽) 
Normalized Performance in Four Categories  
User 
Satisfaction 
(𝑁𝑈𝑆𝑗 ) 
Ease of 
Maintenance 
(𝑁𝐸𝑀𝑗) 
Operation 
Problems 
(𝑁𝑂𝑃𝑗) 
Payback 
Period 
(𝑁𝑃𝑃𝑗) 
LED lighting 71.7% 91.7% 100.0% 51.8% 
Induction lighting 58.3% 87.5% 75.0% 50.0% 
Energy efficient fluorescent 81.0% 90.0% 100.0% 59.8% 
Solar panels 66.7% 60.0% 72.7% 47.7% 
Solar water heaters 62.5% 50.0% 66.7% 66.7% 
Solar daylight tubes 78.6% 83.3% 100.0% 54.2% 
Geothermal heat pumps 76.8% 63.6% 78.6% 53.6% 
Wind power technology 25.0% 33.3% 33.3% 33.3% 
Motion activated lighting 76.5% 85.3% 77.8% 56.9% 
Double pane glass windows 81.5% 87.0% 100.0% 51.0% 
Energy efficient hand driers 73.2% 67.9% 63.6% 54.5% 
Exhaust heat recovery 79.5% 80.0% 80.0% 60.0% 
Airtight entrances 75.0% 70.0% 66.7% 55.6% 
Water conserving toilets 75.0% 76.2% 81.8% 55.7% 
Water conserving urinals 71.6% 66.7% 76.2% 56.0% 
Water conserving faucets 76.3% 76.2% 90.9% 55.7% 
Rain gardens 58.3% 37.5% 100.0% 50.0% 
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Difficult to maintain  
50%  
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(B) Ease of Maintenance 
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75%  
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Figure 3.8 Overall Performance Score of Green Building Measures Using Equal Weights 
Table 3.9 Sensitivity Analysis of the Overall Performance of Green Building Measures 
Green building measures 
Weight Distribution 𝑾𝑼𝑺: 𝑾𝑬𝑴: 𝑾𝑶𝑷: 𝑾𝑷𝑷 
25%:25%: 
25%:25% 
30%:30%:
20%:20% 
35%:35%:
15%:15% 
40%:40%:
10%:10% 
20%:20%:
30%:30% 
15%:15%:
35%:35% 
10%:10%:
40%:40% 
LED lighting 79% 79% 80% 81% 78% 78% 77% 
Induction lighting 68% 69% 70% 71% 67% 66% 65% 
Energy efficient fluorescent 83% 83% 84% 84% 82% 82% 81% 
Solar panels 62% 62% 62% 63% 61% 61% 61% 
Solar water heaters 61% 60% 59% 58% 63% 64% 65% 
Solar daylight tubes 79% 79% 80% 80% 79% 78% 78% 
Geothermal heat pumps 68% 69% 69% 69% 68% 67% 67% 
Wind power technology 31% 31% 30% 30% 32% 32% 33% 
Motion activated lighting 74% 75% 77% 78% 73% 71% 70% 
Double pane glass windows 80% 81% 82% 82% 79% 78% 77% 
Energy efficient hand driers 65% 66% 67% 68% 64% 63% 61% 
Exhaust heat recovery 75% 76% 77% 78% 74% 73% 72% 
Airtight entrances 67% 68% 69% 70% 66% 65% 63% 
Water conserving toilets 72% 73% 74% 74% 71% 71% 70% 
Water conserving urinals 68% 68% 68% 69% 67% 67% 67% 
Water conserving faucets 75% 75% 75% 76% 74% 74% 74% 
Rain gardens 61% 59% 56% 53% 64% 67% 70% 
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3.4 Summary and Conclusions  
This chapter focused on evaluating the actual performance of sustainable and green 
measures in public buildings owned and operated by state Departments of 
Transportation (DOTs). The findings of the chapter were based on a comprehensive 
survey of state DOT officials who had had experience in implementing and 
evaluating the actual performance of green building measures in a number of DOT 
buildings. A total of 31 responses were received from 30 officials in State DOTs and 
one official in the Ontario Ministry of Transportation in Canada. The analyzed green 
building measures in this study were grouped into four main categories: energy 
efficient lighting, renewable energy measures, energy efficient measures, and water 
efficient measures.  
The primary contributions this chapter makes to the Body of Knowledge are the new 
knowledge it provides on the performance of various green building measures in 
state DOT buildings including the frequency of their use, user satisfaction, ease of 
maintenance, encountered problems, repair costs, reductions in electricity/water 
usage, and payback periods. The findings of this chapter show that the most 
commonly used green building measures in State DOT buildings include LED 
lighting, energy efficient fluorescent lighting, geothermal heat pumps, motion 
activated lighting, double pane glass windows, and water conservative toilets, 
urinals, and facets. The survey results also show that the green building measures 
that received the highest user satisfaction are double pane glass windows, energy 
efficient fluorescent, exhaust heat recovery, solar daylight tubes, geothermal heat 
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pumps, motion activated lighting, and water conserving faucets. Similarly, the results 
show that the top ten building measures that were reported to be easy to maintain 
are LED lighting, energy efficient fluorescent, induction lighting, double pane glass 
windows, motion activated lighting, solar daylight tubes, exhaust heat recovery, 
water conserving toilets, water conserving faucets, airtight entrances, and energy 
efficient hand driers. On the other hand, the green building measures that were 
reported to encounter the most operational problems include wind power technology, 
energy efficient hand dryers, air-tight entrances, solar water heaters, and solar 
panels. The survey results also show that green building measures that were 
reported with payback periods less than 10 years include: energy efficient hand 
dryers, energy efficient fluorescent, water conserving faucets, water conserving 
toilets, water conserving urinals, motion activated lighting, exhaust heat recovery, 
solar water heaters, solar daylight tubes, and airtight entrances.  
This chapter also developed an overall performance score for each of the analyzed 
green building measures to represent its collective performance in the 
aforementioned categories of user satisfaction, ease of maintenance, operation 
problems, and energy/water savings. The results of this analysis indicate that the top 
five green measures based on their overall performance are energy efficient 
florescent, double pane glass, solar daylight tubes, LED lighting, and exhaust heat 
recovery with overall performance scores of 83%, 80%, 79%, 79%, and 75% 
respectively. One the other hand, the five green measures with the lowest overall 
performance are energy efficient hand dryers, solar panels, solar water heaters, rain 
gardens, and wind power technology with overall scores of 65%, 62%, 61%, 61%, 
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and 31% respectively. These rankings are useful in providing decision makers with 
an initial evaluation on the relative effectiveness of commonly used green measures 
in public buildings based on prior users’ experiences.  
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CHAPTER 4   
LEED OPTIMIZATION MODEL 
4.1 Introduction 
The objective of this chapter is to develop a novel optimization model for minimizing 
the required total upgrade cost to achieve a specified LEED-EB certification level 
such as Silver or Gold. The optimization model was developed in four stages that 
focus on: (1) identifying decision variables that represent all feasible building 
upgrade measures; (2) formulating an objective function that is capable of 
minimizing the required upgrade cost to achieve a specified LEED-EB certification 
level; (3) modeling all relevant optimization constraints to ensure practicality of the 
model and its generated results; and (4) implementing the model using genetic 
algorithms, as shown in Figure 4.1. The performance of the optimization model and 
its unique capabilities were evaluated and refined using a case study of a rest area 
building, as shown in Figure 4.1. The following sections describe these four 
development stages and the performance evaluation of the developed model using a 
case study.   
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Figure 4.1 Model Development 
4.2 Decision Variables 
The decision variables in this optimization model are designed to represent all 
feasible alternatives of building upgrade measures that are capable of earning credit 
points in the LEED-EB rating system. As shown in Figure 4.2, these decision 
variables are grouped and organized in two major categories: (1) LEED-EB credit 
area variables, and (2) energy and water consumption variables. In the first 
category, each decision variable represents the selection of a building fixture and/or 
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plan, from a set of feasible alternatives, to earn the number of points in its related 
LEED-EB credit area. This category was modeled with integer decision variables 
𝑋𝐿𝐸𝐸𝐷
𝑘  which represent the selection of alternative 𝑋𝐿𝐸𝐸𝐷 in LEED-EB credit area k 
from a set of feasible alternatives, where k ranges from 1 to 47 to model all credit 
areas of the LEED-EB rating system, as shown in Figure 4.2. For example, decision 
variable 𝑋𝐿𝐸𝐸𝐷
7  represents the selection of an upgrade measure, from a set of 
feasible alternatives, to reduce the roof heat island effect to enable earning the 
available one point in credit area 7.2 in the sustainable sites division in the LEED-EB 
rating system, as shown in Figure 4.2. 
The second category of decision variables are designed to represent the selection, 
from a set of feasible alternatives, of green fixtures and/or equipment that affect 
building energy and water consumption such as combination of lighting fixtures and 
bulbs, motion sensors for interior-lighting, vending-machines, hand dryers, water 
heaters, HVAC systems, water faucets, urinals, toilets, and solar panels and 
inverters for grid connected photovoltaic systems. The selection of these measures 
has a direct impact on building energy and water consumption and accordingly they 
are used in the present model to calculate the number of points that can be earned 
in (1) related credit area 2 in the water efficiency division in the LEED-EB rating 
system, and (2) related credit areas 1 and 4 in the energy and atmosphere division 
in the LEED-EB rating system. This category was modeled with integer decision 
variables 𝑋𝑗
𝑖 , and 𝑋𝑅𝐸  which represent (1) the selection of building fixture or 
equipment 𝑋𝑗  in building location 𝑖  from a set of feasible alternatives, where the 
possible values of 𝑖  depend on the number of locations of a building fixture or 
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equipment 𝑋𝑗 and the possible values of 𝑗 depend on the type of building fixture or 
equipment, and (2) the percentage of renewable energy  𝑋𝑅𝐸 that can be generated 
at the building site, as shown in Figure 2. For example, 𝑋7
5 represent the selection of 
a hand dryer, from a set of feasible alternatives, at location # 5 of the building.    
 
Figure 4.2 Decision Variables 
The decision variables are represented in the model as positive integer numbers for 
𝑋𝑗
𝑖  , 𝑋𝐿𝐸𝐸𝐷
𝑖 ; and 𝑋𝑅𝐸. For example, a value of 3 for decision variable 𝑋1
8 represents the 
third product in the list of lighting fixtures and bulbs combinations for location 8 in the 
building. The upper bound of the decision variable 𝑋𝑗
𝑖   is set by the total number of 
products available in the list of fixtures and equipment in the model. For example, a 
list of 1500 lighting fixtures and bulbs combinations determines the upper bound of 
𝑋1
𝑖  to be 1500. 𝑋𝐿𝐸𝐸𝐷
𝑖  is bounded by the total number of alternatives in each LEED-
EB credit area. For example, the availability of two alternatives to achieve LEED-EB 
credit area 15 sets the upper limit for decision variable 𝑋𝐿𝐸𝐸𝐷
15  to two. 𝑋𝑅𝐸 is bounded 
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by the maximum percentage of generated renewable energy at the building site. For 
example, a value of 30 determines that the maximum amount of generated 
renewable electricity at the building site should not exceed 30%. The upper 
boundaries for all decision variables in the optimization model are shown in 
Equations (4-1) to (4-3). 
𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝑜𝑓 𝑋𝑗
𝑖 =  𝑁𝑜𝑃𝑗   (4-1) 
Where, 𝑁𝑜𝑃𝑗 is number of products in the list of building fixtures or equipment j. 
𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝑜𝑓 𝑋𝐿𝐸𝐸𝐷
𝑘 =  𝑁𝐿𝐸𝐸𝐷
𝑘   (4-2) 
Where,  𝑁𝐿𝐸𝐸𝐷
𝑘  is number of alternatives in each credit area 𝑘.  
𝑈𝑝𝑝𝑒𝑟 𝑙𝑖𝑚𝑖𝑡 𝑜𝑓 𝑋𝑅𝐸 = 𝑀𝑅𝐸 (4-3) 
Where, MRE is the maximum percentage of renewable energy that can be 
generated at the building site.   
4.3 Objective Function 
The objective function of this model is formulated by adding up all the required 
upgrade costs for (1) achieving the selected LEED-EB credit areas, (2) installing 
selected energy and water fixtures and/or equipment such as light bulbs and water 
heaters, and (3) satisfying all the prerequisites of the LEED-EB rating system, as 
shown in Equation (4-4).  
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑇𝑈𝐶 =  𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝐶𝑘(𝑋𝐿𝐸𝐸𝐷
𝑘 )
47
𝑘=1
+  ∑ ∑ 𝐶𝑗
𝑖(𝑋𝑗
𝑖) ∗ 𝑛𝑗
𝑖
𝑁𝑗
𝑖=1
12
𝑗=1
+ ∑ 𝑃𝐶𝑙
4
𝑙=1
 (4-4) 
Where, 𝑇𝑈𝐶 is total upgrade cost for achieving a specified LEED-EB certification 
level; 𝐶𝑘(𝑋𝐿𝐸𝐸𝐷
𝑘 ) is cost of alternative 𝑋𝐿𝐸𝐸𝐷
𝑘  that satisfies the requirements of credit 
area 𝑘 in the LEED-EB rating system; 𝐶𝑗
𝑖(𝑋𝑗
𝑖) is cost of installing selected energy and 
water fixture and/or equipment 𝑋𝑗 in location 𝑖 of the building; 𝑛𝑗
𝑖 is number of green 
fixtures and/or equipment 𝑋𝑗 in location 𝑖 of the building; 𝑁𝑗 is number of locations of 
fixture or equipment 𝑋𝑗 in the building; and 𝑃𝐶𝑙 is prerequisite cost of satisfying the 
prerequisite credits of division 𝑙  in the LEED-EB rating system ( 𝑙 =1 for water 
efficiency, 𝑙=2 for energy and atmosphere, 𝑙=3 for material and resources, and 𝑙=4 
for indoor environmental quality). 
4.4 Constraints 
In order to ensure practicality, four types of constraints were integrated in the model: 
(1) LEED-EB certification level constraint, (2) LEED-EB prerequisite constraints, (3) 
building performance constraints, and (4) photovoltaic system constraint. 
4.4.1 LEED-EB Certification Level Constraint 
This constraint was formulated to ensure that the total number of achieved LEED-EB 
points is higher than or equal to the number of required points to satisfy the specified 
LEED-EB certification level, as shown in Equation (4-5). For example, achieving a 
Silver level of the LEED-EB rating system requires a minimum of 50 points. In order 
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to calculate the number of achieved LEED-EB points for a building, energy and 
water consumption need to be calculated. The calculated energy consumption can 
then be used to estimate the number of points that the building can achieve based 
on the guidelines of the LEED-EB rating system. The building energy consumption is 
calculated in the model by adding up the energy consumption of all lighting bulbs 
and fixtures, hand dryers, vending machines, refrigerators, water coolers, personal 
computers, HVAC systems, and water heaters. The energy consumption of lighting 
bulbs and fixtures, hand dryers, vending machines, refrigerators, water coolers, and 
personal computers are calculated based on their energy characteristics, operation 
schedule, and number of occupants. The energy consumption of HVAC systems and 
water heaters are calculated using external energy simulation software packages 
such as eQuest (U.S. Department of Energy 2013) based on building envelope, 
orientation, construction materials and geometry, windows and doors, skylights, 
weather conditions, energy characteristics of HVAC equipment and water heaters, 
operation schedule and occupancy, and water consumption. The water consumption 
is estimated in the model based on building type, characteristics of plumbing 
fixtures, building operation schedule, and number of occupants.         
𝑇𝐴𝐿𝑃 = 𝐶𝑃𝐵𝐸𝑃 (
𝐵𝐴𝐸𝑈𝐼
𝐵𝐿𝐴𝐸𝑈𝐼
) + 𝐶𝑃𝐵𝑊𝑃 (
𝐵𝐴𝑊𝐶
𝐵𝐿𝐴𝑊𝐶
) + 𝐶𝑃𝑅𝐸 (
𝐴𝐺𝑅𝐸
𝐵𝐴𝐸𝐶
)
+  ∑ 𝐶𝑃𝑘(𝑋𝐿𝐸𝐸𝐷
𝑘 ) ≥ 𝑎
47
𝑘=1
 
(4-5) 
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Where, 𝑇𝐴𝐿𝑃 is total accredited LEED-EB points; 𝐶𝑃𝐵𝐸𝑃 (
𝐵𝐴𝐸𝑈𝐼
𝐵𝐿𝐴𝐸𝑈𝐼
) is credit points that 
can be achieved based on the building annual energy use intensity (𝐵𝐴𝐸𝑈𝐼) and 
baseline annual energy use intensity (𝐵𝐿𝐴𝐸𝑈𝐼) and can be calculated based on the 
guidelines of the credit areas (minimum energy efficiency performance) and 
(optimize energy efficiency performance) in the LEED-EB rating system; 𝐵𝐴𝐸𝑈𝐼 is 
calculated based on the building electricity and natural gas consumption, building 
size, normalization factors, and site to source energy factors (ENERGY STAR 2013; 
U.S. Green Building Council 2010); 𝐵𝐿𝐴𝐸𝑈𝐼 is calculated based on similar buildings 
according to the guidelines of the LEED-EB rating system (U.S. Green Building 
Council 2010); 𝐶𝑃𝐵𝑊𝑃 (
𝐵𝐴𝑊𝐶
𝐵𝐿𝐴𝑊𝐶
) is credit points that can be achieved based on the 
building annual water consumption (𝐵𝐴𝑊𝐶) and baseline annual water consumption 
( 𝐵𝐿𝐴𝑊𝐶 ) and can be calculated based on the guidelines of the credit area 
(additional indoor plumbing fixture and fitting efficiency); 𝐵𝐴𝑊𝐶 is calculated based 
on building type, characteristics of water fixtures, and number of occupants (U.S. 
Green Building Council 2010); 𝐵𝐿𝐴𝑊𝐶 is calculated based on the guidelines of the 
LEED-EB rating system; 𝐶𝑃𝑅𝐸 (
𝐴𝐺𝑅𝐸
𝐵𝐴𝐸𝐶
) is credit points that can be achieved based on 
the ratio of the amount of annual generated renewable electricity (𝐴𝐺𝑅𝐸) to the 
building annual electricity consumption (𝐵𝐴𝐸𝐶 ) and can be calculated using the 
guidelines of credit area (on-site and off-site renewable energy); 𝐴𝐺𝑅𝐸 is calculated 
based on building location, tilt angle of solar panels, number and power output of 
solar panels, efficiency and number of inverters, and degrading factors (BCSE 
2007); 𝐵𝐴𝐸𝐶 is calculated based on energy consumption of all building fixtures and 
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equipment; 𝐶𝑃𝑘(𝑋𝐿𝐸𝐸𝐷
𝑘 )  is credit point(s) that can be achieved by implementing 
alternative 𝑋𝐿𝐸𝐸𝐷
𝑘  in credit area 𝑘 in the LEED-EB rating system; and 𝑎 is number of 
credit points that is required for achieving a specified LEED-EB certification level, 
where four certification levels are available for ranking green buildings using the 
LEED-EB rating system: (1) 𝑎 = 40 points for achieving a Certified level; (2) 𝑎 = 50 
points for achieving a Silver level; (3)  𝑎 = 60 points for achieving a Gold level; and 
(4) 𝑎 = 80 points for achieving a Platinum level. 
4.4.2 LEED-EB Prerequisite Constraints 
This set of constraints was designed to satisfy the minimum requirements of all 
LEED-EB prerequisites such as those specified in the water efficiency, energy and 
atmosphere, and materials and resources divisions. For example, prerequisite # 1 of 
the water efficiency division in the LEED-EB rating system requires the building 
annual water consumption 𝐵𝐴𝑊𝐶 be less than or equal the baseline annual water 
consumption 𝐵𝐿𝐴𝑊𝐶, as shown in Equation (4-6). Similarly, prerequisite # 2 of the 
energy and atmosphere division requires the ratio between the building annual 
energy use intensity 𝐵𝐴𝐸𝑈𝐼 and the baseline annual energy use intensity 𝐵𝐿𝐴𝐸𝑈𝐼 of 
similar buildings be less than or equal a maximum performance ratio 𝑀𝑃𝑅, as shown 
in Equation (4-7). Prerequisite # 1 of the materials and resources division requires 
earning at least one credit point from credit areas 2.1 through 4, as shown in 
Equation (4-8). 
𝐵𝐴𝑊𝐶
𝐵𝐿𝐴𝑊𝐶
≤ 1 
(4-6) 
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𝐵𝐴𝐸𝑈𝐼
𝐵𝐿𝐴𝐸𝑈𝐼
≤ 𝑀𝑃𝑅 (4-7) 
Where, 𝑀𝑃𝑅  is maximum performance ratio, which can be calculated using the 
Energy Star Portfolio (i.e., offline calculator) and LEED reference guide for green 
building operation and maintenance (ENERGY STAR 2013; U.S. Green Building 
Council 2010).  
∑ 𝐶𝑃𝑖(𝑋𝐿𝐸𝐸𝐷
𝐾 )
24
𝐾=21
≥ 1.0  (4-8) 
4.4.3 Building Performance Constraints 
This set of constraints was integrated in the model to ensure that the building 
performance after implementing the selected upgrade measures will satisfy all user-
specified levels in various building performance categories such as lighting 
luminance, space heating and cooling, and water heating. For example, the 
developed optimization model is designed to study the feasibility of replacing 
existing light fixtures and bulbs while maintaining similar light lumens output or 
allowing a predefined reduction in light lumens output, as shown in Equation (4-9). 
Similarly, the developed model includes additional constraints to maintain user-
specified levels in other building performance categories, including space heating 
and cooling, and water heating. 
∑ 𝐿(𝐸1
𝑖) ∗ [1 − ALR𝑖] ≤  𝐿(𝑋1
𝑖 )
𝑁1
𝑖=1
 
(4-9) 
97 
 
Where, L(𝐸1
𝑖) is lumens output of existing combination of light fixture and bulb(s) 𝐸1
𝑖 , 
L(X1
i )  is lumens output for a possible replacement of light bulb X1
i , and ALRi  is 
percentage of allowable light reduction in location i of the building. 
4.4.4 Photovoltaic System Constraint 
This set of constraints was implemented in the model to comply with the design 
requirements of the grid connected photovoltaic system. For example, the model 
integrates a constraint to ensure that the selected photovoltaic systems are capable 
of providing the specified percentage of renewable energy 𝑋𝑅𝐸  that can be 
generated at the building site, as shown in Equation (4-10). Similarly, other 
constraints were integrated in the model to comply with the design requirements of 
the solar panels, including the required number and area of parallel and series 
panels, and number of inverters. It should be noted that the model is designed to 
enable decision makers to consider various photovoltaic systems which can be 
placed on building roof and/or on the ground.   
𝑋𝑅𝐸 ∗ 𝐵𝐴𝐸𝐶 ≤ ∑ ∑ 𝐴𝐷𝑆𝑅
𝑚 ∗ 𝐷𝑚 ∗ 𝑤(𝑋𝑗=8
𝑖 ) ∗ n𝑗=8
𝑖 ∗ 𝑓𝑡
𝑚,𝑋𝑗=8
𝑖
∗ 𝑓𝑑 ∗ 𝑓𝑖𝑛𝑣
𝑙,𝑋9
𝑖  
∗ 𝑓𝑤
𝑖
12
𝑚=1
𝑁8
𝑖=1
∗ 10−3 
 
(4-10) 
Where, 𝐴𝐷𝑆𝑅𝑚  is average daily solar radiation in month 𝑚  at location 𝑖  of the 
building based on the tilt and orientation angle of solar panels and location of the 
building, 𝐷𝑚 is number of days per month 𝑚, 𝑤(𝑋8
𝑖 ) is energy production of single 
solar panel 𝑋𝑗=8
𝑖  at location 𝑖  of the building, n𝑗=8
𝑖  is number of solar panels at 
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location 𝑖 of the building, 𝑓𝑡
𝑚,𝑋𝑗=8
𝑖
 is derating factor of the daily temperature effect in 
month 𝑚 for solar panel 𝑋𝑗=8
𝑖 , on the electricity production of solar panels 𝑋8
𝑙 , 𝑓𝑑 is 
derating factor of the dirt effect on the electricity production of solar panels, 𝑓𝑖𝑛𝑣
𝑖,𝑋𝑗=9
𝑖  
is 
derating factor of the inverter efficiency 𝑋𝑗=9
𝑖  for converting DC current to AC current 
at location 𝑖 of the building, 𝑓𝑤
𝑙  is derating factor of DC and AC wiring in a PV system 
at location 𝑖 of the building, and 𝑁8 is number of photovoltaic systems at the building 
site. 
4.5 Model Implementation  
The optimization model is implemented using Genetic Algorithm due to its 
capabilities in optimizing problems that include nonlinear and discontinuous 
objective function and constraints similar to those formulated in the present model. 
For example, GAs are capable of representing the discontinuity in the points that can 
be earned in LEED-EB credit areas such as those in credit area 2 in the water 
efficiency division that awards different points for varying ranges of water 
consumption reduction, as shown in Table 4.1. The GA computations in the present 
model starts by generating a population of random solutions where the fitness of 
these solutions are evaluated based on the total upgrade cost and constraints. The 
solutions that satisfy all the constrains with low upgrade cost attain high fitness 
values, while solutions that do not satisfy the constraints or have high upgrade cost 
are classified as infeasible solutions or solutions with low fitness values, 
respectively. The identified feasible solutions are then ranked and sorted based on 
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their fitness where the GA operator of selection, cross over, and mutation are 
applied to generate a new set of solutions (i.e., new population) with potential for 
higher fitness values. This process is iteratively repeated until a predefined number 
of generations are achieved. It should be noted that, the initial population of the 
problem and number of iterations are crucial to identify the optimal or near optimal 
solution of the problem where they can be specified based on the length of the GA 
string and possible values in each decision variable (Reed et al. 2000; Thierens et 
al. 1998). 
Table 4.1 Indoor Water Reduction and Possible LEED-EB Points (USGBC 2013b) 
Percentage reduction Points 
10% ≤ Reduction < 15% 1 
15% ≤ Reduction < 20% 2 
20% ≤ Reduction < 25% 3 
25% ≤ Reduction < 30% 4 
30% ≤ Reduction 5 
4.6 Case Study 
A case study of a rest area building is analyzed to illustrate the use of the developed 
optimization model and demonstrate its unique capabilities. The rest area was built 
in 1980 and it has high visitation rate of approximately 839 thousand annual visitors 
based on 2009 statistics and a total square footage of 3,575 sf. The rest area 
building includes lobby, women’s bathroom, men’s bathroom, mechanical room, 
storage room, travel information desk, and technician office. It has also a parking lot 
for visitors that accommodate cars and trucks, and a large landscaped area and 
outdoor picnic seats.   
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The components of energy consumption in the rest area building include exterior-
lighting, interior-lighting, space heating, air-conditioning, water heating, vending 
machines, surveillance cameras, (Code Blue) emergency phones, weather 
information, hand driers, and water coolers. The exterior lighting includes lighting 
poles for the parking lot of the rest area, and outdoor lighting fixtures for the rest 
area building entrance. The interior lighting includes lighting fixtures for the lobby, 
men’s bathroom, women’s bathroom, mechanical room, and maintenance office. 
The rest area building is heated and air-conditioned using two furnaces and two air-
cooled condensing units. A natural gas water heater is used in the rest area building 
to heat water with a capacity of 100 gallons. The rest area building has six vending 
machines for snacks, cold and hot drinks. Surveillance cameras and Code Blue units 
are used to maintain safety for visitors of the public building. The weather 
information is provided using a television in the rest area lobby. The water 
consumption components of this rest area building include faucets, urinals, toilets, 
and water fountains. 
In order to optimize the upgrade decisions for the rest area building, decision makers 
need to provide the required input data including: (1) upgrade costs of LEED-EB 
credit areas for the rest area building, as shown in Table 4.2; and (2) characteristics 
of existing energy and water fixtures and equipment in the building, as shown in 
Table 4.3.  
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Table 4.2 Sample Input and Output Data for LEED-EB Credit Area Variables 
Decision 
variable 
LEED-EB credit 
Input data 
 
Output data 
Feasible alternatives Upgrade cost Credit points  Optimal solution 
𝑋𝐿𝐸𝐸𝐷
31   Outdoor air delivery monitoring 
1 
2 
3 
$0 
$7,300 
$9,000 
0 
1 
1 
 𝑋𝐿𝐸𝐸𝐷
31 = 2 
𝑋𝐿𝐸𝐸𝐷
33   
Reduced particulates in air 
distribution 
1 
2 
$0 
$90 
0 
1 
 𝑋𝐿𝐸𝐸𝐷
33  = 2 
𝑋𝐿𝐸𝐸𝐷
36   Controllability of systems lighting 
1 
2 
$0 
$200 
0 
1 
 𝑋𝐿𝐸𝐸𝐷
36  = 2 
𝑋𝐿𝐸𝐸𝐷
37   Thermal comfort monitoring 
1 
2 
$0 
$1800 
0 
1 
 𝑋𝐿𝐸𝐸𝐷
37  = 2 
𝑋𝐿𝐸𝐸𝐷
42   Sustainable cleaning equipment 
1 
2 
$0 
$1,600 
0 
1 
 𝑋𝐿𝐸𝐸𝐷
42  = 2 
𝑋𝐿𝐸𝐸𝐷
43   
Indoor chemical and pollutant 
source control 
1 
2 
$0 
$1,100 
0 
1 
 𝑋𝐿𝐸𝐸𝐷
43  = 2 
 
  
102 
 
Table 4.3 Sample Input and Output Data for Energy and Water Consumption Variables  
Building fixture or 
equipment 
 
Input data 
 
Output 
data 
Decision 
variable 
Location 
Feasible 
alternatives 
Description 
Number of 
fixtures or 
equipment 
Working 
hours 
per day  
Optimal 
solution 
𝑋1
2  
Men’s 
bathroom 
– set 2 
 1 
Rectangular fluorescent light fixture – 4’’ with 4 T8 
Lamps of 32 Watts and 1860 lumens 
4 24 
 
𝑋1
2 = 7 
 2 
Rectangular fluorescent light fixture – 4’’ with 4 T8 
Lamps of 32 Watts and 2710 lumens 
 
 … ….  
 7 
Rectangular fluorescent light fixture – 4’’ with 4 T8 
Lamps of 25 Watts and 2325 lumens 
 
𝑋4
1  
Building 
HVAC 
system 
 1 Gas HVAC system  
2 24 
 
𝑋4
1 = 4 
 2 Electrical Energy Star rated HVAC system   
 3 Ground-source heat pump  
 4 Gas Energy Star rated HVAC system  
𝑋5
1  
Building 
water 
heater  
 1 Gas Water heater with a capacity of 80 gallons  
1 24 
 
𝑋5
1 = 2  
 2 
Energy efficient gas water heater with capacity of 
80 gallons 
 
𝑋7
2  
Women’s 
bathroom 
– hand 
dryers 
 1 Hand dryer - 2300 Watts and 30 sec drying time 
4 Per use 
 
𝑋7
1 = 2 
 2 
Hand dryer - 1100 Watts and 12 second drying 
time 
 
 3 
Hand dryer - 1100 Watts and 15 second drying 
time 
 
 4 
Hand dryer - 1500 Watts and 12 second drying 
time 
 
𝑋12
1   
Men’s 
bathroom 
- toilets 
 1 Electronic flushing toilet with 3.5 gallons per flush 
6 Per use 
 
𝑋10
1  = 2 
 2 Electronic flushing toilet with 3.5 gallons per flush  
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The developed optimization model was used to analyze the aforementioned building 
input data to search for and identify four optimal sets of upgrade decisions, where 
each can achieve one of the four certification levels of the LEED-EB rating system 
with the minimum upgrade costs. The minimum upgrade costs that were identified to 
achieve a certification level of Certified, Silver, Gold, and Platinum levels were 
$10,213, $24,968, $47,359, and $253,192, as shown in solutions (a), (b), (c), and (d) 
respectively in Figure 4.3. The overall set of feasible solutions that were searched by 
the model in order to minimize the upgrade costs for each of the four-certification 
levels are shown in Figure 4.3. The results of the optimization model shows that the 
model achieved significant savings for minimizing the upgrade cost for each 
certification level. For example, both solutions (d) and (x) in Figure 3 are feasible 
and can achieve LEED-EB platinum level, however the identified optimal solution “d” 
reduces the total upgrade cost by $282,429 compared to the other feasible solution 
(x) in Figure 4.3. For each of the generated optimal solutions, the model identifies an 
optimal set of (1) alternatives to achieve various LEED-EB credit areas and their 
upgrade costs, as shown in Table 4.2 and Figure 4.3, and (2) energy and water 
fixtures that needs to be installed in the building, as shown in Table 4.3 and 
Figure 4.3. For example the results of the model recommends the implementation of 
the second alternative in credit area 1 of the indoor air quality division to monitor the 
outdoor air delivery, as shown in Table 4.2. Similarly, the model recommends the 
replacement of existing longitudinal fluorescent lamps in the men’s bathroom that 
consume 34 watts with energy efficient T8 lamps that consume 25 watts, as shown 
in Table 4.3 and Figure 4.3. The results of the model can be used by decision 
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makers to identify the required building upgrades to achieve a specified LEED-EB 
certification level with the minimum upgrade cost. 
 
Figure 4.3 Sample Optimization Results 
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4.7 Summary and Conclusions 
An optimization model was developed to support decision makers in identifying 
optimal upgrade decisions for existing buildings that are capable of achieving a 
specified LEED-EB certification level with minimum upgrade costs. The developed 
model is designed to optimize two types of decision variables (1) LEED-EB credit 
area variables, and (2) energy and water consumption variables. The LEED-EB 
credit area variables represent the selection of a building fixture and/or plan, from a 
set of feasible alternatives, to earn a specified number of points in its related LEED-
EB credit area. The energy and water consumption variables represent the 
selection, from a set of feasible alternatives, of green fixtures and/or equipment that 
affect energy and water consumption such as combination of lighting fixtures and 
bulbs, motion sensors for interior-lighting, vending-machines, hand dryers, water 
heaters, HVAC systems, water faucets, urinals, toilets, and solar panels and 
inverters for grid connected photovoltaic systems. The model is designed to 
minimize the required upgrade cost to achieve a specified LEED-EB certification 
level while complying with all relevant constraints. The model was implemented 
using Genetic Algorithms due to its capability of handling the nonlinearity and 
discontinuity in the objective function and constraints. A case study of a rest area 
building was analyzed to illustrate the use of the developed model and demonstrate 
its unique capabilities in selecting optimum LEED upgrade decisions for existing 
buildings. The results of this analysis illustrate the novel and unique capabilities of 
the model in identifying optimal sets of upgrade decisions to achieve various 
certification levels in the LEED-EB rating system with the least upgrade costs. These 
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new capabilities should prove useful to building owners and facility managers and 
are expected to promote and expand the use of green upgrade measures in existing 
buildings. 
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CHAPTER 5  
ENVIRONMENTAL OPTIMIZATION MODEL 
 
5.1 Introduction 
The objective of this chapter is to develop a model for optimizing the selection of 
upgrade measures for existing buildings in order to minimize their negative 
environmental impacts while complying with a specified upgrade budget and building 
operational performance constraints. The objective of this model is to support 
building owners in their ongoing efforts to identify the required upgrade measures to 
minimize the negative environmental impacts of their existing buildings by reducing 
GHG emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and 
water consumption. The model is developed in three main phases: (i) metrics 
identification phase that develops metrics to quantify the negative environmental 
impacts of existing buildings; (ii) formulation phase that formulates the model 
decision variables, objective function, and constrains; and (iii) implementation phase 
that performs the optimization computations and specifies the model input and 
output data, as shown in Figure 5.1. The following sections in the chapter describe 
these three development phases of the model and analyze a case study of an 
existing building to illustrate the use of the model and demonstrate its capabilities.  
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Figure 5.1 Optimization Model Development Phases 
5.2 Metrics Identification Phase   
In order to identify all relevant metrics that can be used to measure the negative 
environmental impacts of existing buildings, a comprehensive review of the latest 
related research was conducted. The findings of this comprehensive review reveal 
that these metrics can be grouped into five main categories: (i) GHG emissions that 
result from buildings energy consumption; energy use for water extraction, 
treatment, distribution, and wastewater treatment; and buildings solid waste 
(ENVIRON International Corporation 2013; Flager et al. 2012; ICLEI - Local 
Governments for Sustainability USA 2010, 2012; Kwok et al. 2012; Liu et al. 2013; 
Ordóñez and Modi 2011; Safaei et al. 2012; TranSystems|E.H. Pechan 2012; U.S. 
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Environmental Protection Agency 2006; USGBC 2013b; Zhu et al. 2013); (ii) 
refrigerant impacts (Agency 2012; USGBC 2014b); (ii) mercury-vapor emissions 
(U.S. Environmental Protection Agency 1998; USGBC 2014b); (iv) light pollution 
(USGBC 2014b); and (v) water consumption (USGBC 2014b). To ensure that the 
developed model integrates a comprehensive and practical set of environmental 
metrics, it was designed to include all the aforementioned five categories that are 
described in the following sections.   
5.2.1 GHG Emissions 
The primary GHG emissions from building operation include carbon dioxide (CO2), 
nitrous oxides (N2O), methane (CH4), and ozone (O3) (TranSystems|E.H. Pechan 
2012). These gases can be represented to equivalent quantities of CO2 emissions 
using their global warming potential factors that are developed by the 
Intergovernmental Panel of Climate Change (IPCC) (Intergovernmental Panel on 
Climate Change 2007). The GHG emissions is calculated in the present model 
based on the calculated (a) energy consumption of the building; (b) energy use 
during water extraction, treatment, distribution, and waste water treatment; and (c) 
fugitive emissions of waste water, and solid waste, as shown in Figure 5.2.  
The GHG emissions of building energy consumption are calculated in the model 
based on the total energy consumption of the building and its location which 
accounts for the types of plants that are generating and providing electricity to the 
building and their associated weighted emissions and average transmission losses, 
as shown in Equation (1). The Environmental Protection Agency provide energy 
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emission factors and average transmission loss percentages in the major electricity 
grids in the United States which can be used to estimate emissions of energy use in 
buildings (TranSystems|E.H. Pechan 2012). Reducing the energy consumption of a 
building by installing more energy-efficient fixtures or onsite renewable energy 
systems will reduce its GHG emissions due to the reduction in its energy demand. 
The reduction in GHG emissions can be estimated based on the developed non-
base load emission factors, as shown in Equation (5-1) (TranSystems|E.H. Pechan 
2012). The calculation of these non-base load emission factors assume that the 
reduction in building energy demand will result in reducing the energy generation 
from inefficient plants (TranSystems|E.H. Pechan 2012).  
In order to calculate the GHG emissions in buildings, energy consumption need to 
be calculated. The electricity consumption of building energy devices such as: 
lighting, hand dryers, vending machines, refrigerators, PCs, and water coolers are 
calculated in the model based on the characteristics of these energy devices and 
operational schedule and usage of the building. For example, the electricity 
consumption of an interior light fixture can be calculated based on the electricity 
consumption of the light bulb/lamp, energy efficiency of the light fixture, number of 
bulb/lamps in the fixture, and number of working hours per day, as shown in 
Equation (5-2). The energy consumption of the HVAC systems and water heaters 
are calculated by linking the developed model with energy simulation software 
packages such as QUick Energy Simulation Tool “eQUEST” (U.S. Department of 
Energy 2013). 
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Figure 5.2 GHG Emissions of Buildings 
𝐵𝐸𝐸𝐶 = 𝐵𝐴𝐸𝐶 ∗
𝐸𝐹𝐸𝑙(𝑍𝑖𝑝)
[1−𝑇𝐿(𝑍𝑖𝑝)]
+ 𝐵𝐴𝐺𝐶 ∗ 𝐸𝐹𝑁𝐺  − 𝐵𝐴𝐸𝑆 ∗
EF𝐸𝑙
𝑁𝐵(𝑍𝑖𝑝)
[1−𝑇𝐿(𝑍𝑖𝑝)]
     (5-1) 
Where: 𝐵𝐸𝐸𝐶  is annual building equivalent CO2 emissions from building energy 
consumption in (lb-CO2), 𝐵𝐴𝐸𝐶 is building annual electricity consumption in (Kwh), 
𝐸𝐹𝐸𝑙(𝑍𝑖𝑝) is average equivalent CO2 emission factor of electricity generation at the 
electricity grid that serves zip code (𝑍𝑖𝑝) in (lb-CO2/Kwh), 𝑇𝐿(𝑍𝑖𝑝) is percentage of 
average transmission losses at the electricity grid that serves zip code (𝑍𝑖𝑝), 𝐵𝐴𝐺𝐶 
is building annual natural gas consumption in (therm), 𝐸𝐹𝑁𝐺  is emission factor of 
natural gas consumption in (lb-CO2/therm), 𝐵𝐴𝐸𝑆 is the potential annual electricity 
savings in (Kwh) that can be achieved by the building due to its integration of 
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energy-efficient fixtures and/or renewable energy systems, and EF𝐸𝑙
𝑁𝐵(𝑍𝑖𝑝)  is 
equivalent emission factor of non-base load at electricity grid that serves zip code 
(𝑍𝑖𝑝) in (lb CO2/Kwh).  
𝐿𝐹𝐸 =
𝐿𝐶
EE
∗ 𝑁𝐿 ∗ 𝐻𝑃𝐷 ∗ 365               (5-2) 
Where: 𝐿𝐹𝐸 is annual light fixture electricity consumption, 𝐿𝐶 is bulb/lamp electricity 
consumption in (watts), EE is energy efficiency of a light fixture, 𝑁𝐿 is number of light 
bulbs/lamps in the fixture, 𝐻𝑃𝐷 is number of working hours per day in (hours), and 
365  is number of days per year to convert the daily to annual energy consumption in 
(watts). 
In addition to the aforementioned GHG emissions that are caused by the direct 
building energy consumption, the water consumption of buildings creates additional 
GHG emissions due to the energy used in water extraction, supply and conveyance, 
treatment, and distribution, as shown in Figure 2 (ICLEI - Local Governments for 
Sustainability USA 2012). These water-related GHG emissions are estimated in the 
present model based on (i) annual building water consumption, (ii) energy intensity 
of water extraction, (iii) energy intensity of water supply and conveyance, (iv) energy 
intensity of water treatment, and (v) energy intensity of water distribution, as shown 
in Equation (5-3).  
Similarly, the annual energy emissions from wastewater treatment can be calculated 
based on: (i) annual building waste water, (ii) energy intensity of wastewater 
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collection, (iii) energy intensity of aerobic digesters for wastewater treatment, (iv) 
energy intensity of lagoons for wastewater treatment, (v) energy intensity of attached 
growth of wastewater treatment, and (vi) energy intensity of nitrification or 
nitrification/denitrification of wastewater treatment, as shown in Equation (5-4) (ICLEI 
- Local Governments for Sustainability USA 2012). During the treatment of 
wastewater, methane and nitrous oxide, which are called fugitive emissions, might 
emit depending on the type of wastewater treatment (ICLEI - Local Governments for 
Sustainability USA 2010). For example, The equivalent carbon dioxide emissions of 
wastewater treatment using septic tanks can be calculated based on (i) annual 
building waste water, (ii) concentration of Biochemical Oxygen Demand (BOD) in 
wastewater, (iii) maximum methane producing capacity, and (iv) methane correction 
factor for septic tank systems, as shown in Equation (5-5).  
𝐵𝐸𝑊𝐶 = 𝐵𝐴𝑊𝐶 ∗ [𝐸𝐼𝑊𝐸𝑥. +  𝐸𝐼𝑊𝑆𝐶 +  𝐸𝐼𝑊𝑇 + 𝐸𝐼𝑊𝐷] ∗
𝐸𝐹𝐸𝑙(𝑍𝑖𝑝)
[1−𝑇𝐿(𝑍𝑖𝑝)]
 (5-3) 
 
Where: 𝐵𝐸𝑊𝐶 is annual building equivalent CO2 emissions of water consumption in 
(lb-CO2), 𝐵𝐴𝑊𝐶  is building annual water consumption in (MG), 𝐸𝐼𝑊𝐸𝑥.  is energy 
intensity of water extraction in (Kwh/MG), 𝐸𝐼𝑊𝑆𝐶  is energy intensity of water 
conveyance and supply in (Kwh/MG), 𝐸𝐼𝑊𝑇 is energy intensity of water treatment in 
(Kwh/MG), and 𝐸𝐼𝑊𝐷 is energy intensity of water distribution in (Kwh/MG).  
   
𝐵𝐸𝑊𝑊𝑇 = 𝐵𝐴𝑊𝑊 ∗ [𝐸𝐼𝑊𝑊𝐶 + 𝐸𝐼𝑊𝑊𝐶𝐴 + 𝐸𝐼𝑊𝑊𝐿 + 𝐸𝐼𝑊𝑊𝐴𝐺 + 𝐸𝐼𝑊𝑊𝑁𝐷𝑁] ∗
𝐸𝐹𝐸𝑙(𝑍𝑖𝑝)
[1−𝑇𝐿(𝑍𝑖𝑝)]
  
 (5-4) 
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Where: 𝐵𝐸𝑊𝑊𝑇  is annual building equivalent CO2 emissions of waste water 
treatment in (lb-CO2), 𝐵𝐴𝑊𝑊  is building annual waste water in (MG), 𝐸𝐼𝑊𝑊𝐶  is 
energy intensity of waste water collection in (Kwh/MG), 𝐸𝐼𝑊𝑊𝐶𝐴 is energy intensity of 
conventional aerobic wastewater treatment in (Kwh/MG), 𝐸𝐼𝑊𝑊𝐿 is energy intensity 
of wastewater treatment lagoon in (Kwh/MG), 𝐸𝐼𝑊𝑊𝐴𝐺 is energy intensity of attached 
growth of wastewater treatment in (Kwh/MG), and 𝐸𝐼𝑊𝑊𝑁𝐷𝑁  is energy intensity of 
centralized nitrification or nitrification/denitrification of wastewater treatment in 
(Kwh/MG).     
  
𝐵𝐸𝐹−𝑆 = 𝐵𝑇𝑊𝑊 ∗ 𝐵𝑂𝐷5𝑙𝑜𝑎𝑑 ∗ 𝐵𝑜 ∗  𝑀𝐶𝐹𝑠𝑒𝑝𝑡𝑖𝑐 ∗ 𝐺𝑊𝑃𝐶𝐻4 ∗ 2.205  (5-5) 
 
Where: 𝐵𝐸𝐹−𝑆 is annual building equivalent CO2 emissions from fugitive emissions 
of waste water treatment using septic tanks in (lb-CO2), 𝐵𝑂𝐷5𝑙𝑜𝑎𝑑 is concentration 
of Biochemical Oxygen Demand (BOD) in wastewater which represents a 
measurement of BOD from a 5-day test [a default value of BOD5 load is 7.57X10-4 
KG/Gallon of wastewater for residential buildings (ENVIRON International 
Corporation 2013)], 𝐵𝑜 is maximum CH4 producing capacity [0.6 Kg CH4/Kg BOD5 
for domestic wastewater (ICLEI - Local Governments for Sustainability USA 2010)], 
𝑀𝐶𝐹𝑠𝑒𝑝𝑡𝑖𝑐 is CH4 correction factor for septic systems which equals to 0.5 (ENVIRON 
International Corporation 2013; ICLEI - Local Governments for Sustainability USA 
2010), 𝐺𝑊𝑃𝐶𝐻4 is global warming potential to convert CH4 emissions to equivalent 
amount of CO2 emissions, and 2.205 is a conversion factor from KG to pounds.  
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Another source of GHG emissions in existing buildings is solid waste that can be 
sent to landfill, combustion, composition, or recycling. Each of these methods of 
managing solid waste has different rates of GHG emissions according to the United 
Stated Environmental Protection Agency (U.S. Environmental Protection Agency 
2006). The annual equivalent carbon dioxide of solid waste in buildings is calculated 
in the present model based on (i) weight of each solid waste, and (ii) emission factor 
of solid waste according to solid waste management method, as shown in Equation 
(5-6). According to all the aforementioned sources of GHG emissions, the total 
equivalent emissions of existing buildings can be calculated by summing up all 
sources of GHG emissions, as shown in Equation (5-7).  
𝐵𝐸𝑆𝑊 =  ∑ 𝑊𝑖 ∗  𝐸𝐹
𝑆𝑊𝑖𝑛𝑆𝑊
𝑖=1   (5-6) 
Where: 𝐵𝐸𝑆𝑊 is annual building equivalent CO2 emissions from solid waste in (lb-
CO2), 𝑊𝑖  is annual amount of solid waste 𝑖  in (lbs), 𝐸𝐹
𝑆𝑊𝑖  is emission factor of 
equivalent CO2 for solid waste 𝑆𝑊𝑖 in (lb-CO2/lb solid waste 𝑖) , and 𝑛𝑆𝑊 is number 
of solid waste materials produced by the building.  
𝐺𝐸 = 𝐵𝐸𝐸𝐶 +  𝐵𝐸𝑊𝐶 +  𝐵𝐸𝑊𝑊𝑇 + 𝐵𝐸𝐹−𝑆 +  𝐵𝐸𝑆𝑊  (5-7) 
Where: 𝐺𝐸 is annual building equivalent carbon dioxide emissions. 
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5.2.2 Refrigerant Impacts 
Refrigerants are used in building HVAC systems to provide space cooling and in 
refrigerators, freezers, and vending machines to provide cooling for water, food, and 
beverages. These refrigerants include chlorofluorocarbons (CFCs), 
hydrofluorocarbons (HFCs), and hydrochlorofluorocarbons (HCFCs), propane, 
isobutene, and ammonia. All these refrigerants vary in their ozone depletion 
potential as well as global warming potential. Refrigerants of CFCs are phased out in 
the United States due to their harmful impact on the ozone layer, however, they are 
still used in a number of existing buildings with old HVAC equipment and 
refrigeration units (Agency 2012). Annual refrigerant impacts in buildings can be 
quantified in the present model based on (i) type of refrigerants used, (ii) amount of 
refrigerants in all equipment and units, and (iii) amount of annual and end-of-life 
refrigerant leaks, as shown in Equation (5-8) (USGBC 2014b). 
𝑅𝐼 =    ∑ [ 𝐿𝑖 + 𝑀𝑖/𝐿𝑖𝑛𝑢𝑖=1 ) ∗ 𝑅
𝑖 ∗ (𝑂𝐷𝑃𝑖 ∗ 105 + 𝐺𝑊𝑃𝑖)] (5-8) 
Where: 𝑅𝐼  is the combined annual contribution of ozone depletion and global 
warming potential of building refrigerants use, 𝐿𝑖 is annual leakage as a percentage 
of the refrigerant total charge in equipment 𝑖, 𝑀𝑖 is refrigerant loss as a percentage 
of the refrigerant total charge in an equipment 𝑖 at the end of its life, 𝐿𝑖  is life of 
equipment 𝑖  in years,  𝑅𝑖  is refrigerant total charge of equipment 𝑖  in (lb), 𝑂𝐷𝑃𝑖  is 
ozone depletion potential of a refrigerant in equipment 𝑖, 𝐺𝑊𝑃𝑖  is global warming 
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potential of a refrigerant in equipment 𝑖, and 𝑛𝑢 is number of units that are using 
refrigerants in the building. 
5.2.3 Mercury-Vapor Emissions 
Mercury-vapor is a highly toxic gas that is used in energy efficient lighting such as 
fluorescent lamps, metal halide discharge lamps, and low and high pressure sodium 
bulbs. This toxic mercury-vapor gas can be released to the environment during the 
disposal or breakage of these light bulbs or lamps. Annual Building emissions of 
mercury-vapor are calculated in the present model using a novel formula that 
considers (i) the amount of mercury-vapor in each bulb and lamp in the building, (ii) 
the number of bulbs and lamps, (iii) their life expectancy, and (iv) the decision of 
recycling them at the end of their life, as shown in Equation (5-9).    
𝑀𝐸 = (1 − 𝑅𝐼 ∗ (1 − 𝑃𝐵)) ∗ ∑
𝑀𝐿𝐿𝑖
𝐿𝐵𝑖
𝑛𝑙
𝑖=1   (5-9) 
Where: 𝑀𝐸  is building annual mercury-vapor emissions in (mg), 𝑅𝐼  is bulbs and 
lamps recycling index, where a value of 0 represents no recycling and a value of 1 
represents recycling all lamps and bulbs at the end of their life, 𝑃𝐵  is a user-
specified percentage which represent the probability of lamps and bulbs breakage 
during the building operation and during delivery to recycling, 𝑀𝐿𝐿𝑖  is amount of 
mercury-vapor in light lamp or bulb  𝑖 , 𝐿𝐵𝑖  is number of years a bulb/lamp is 
expected to last in a building fixture based on the bulb/lamp life expectancy and 
number of hours use per day, and 𝑛𝑙 is total number of light bulbs and lamps in the 
building.     
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5.2.4 Light Pollution 
Light pollution in buildings can increase electricity demand due to the illumination of 
night sky using electric light source such as exterior light poles and fixtures which 
have partial/full illumination in the night sky. Annual building light pollution is 
calculated in the present model using a novel formula that considers (i) percentage 
of light illumination that are wasted in the night sky as shown in Figure 5.3, and (ii) 
annual energy consumption of the electric light source, as shown in Equation (5-10). 
𝐿𝑃 =  ∑ 𝐿𝑃𝐼𝑖 ∗
𝑛𝑒𝑙
𝑖=1 𝐿𝐹𝐸𝑖 ∗ 𝐻𝑃𝐷 ∗ 365 (5-10) 
Where: 𝐿𝑃 is annual building light pollution of exterior light fixtures in watts; 𝐿𝑃𝐼𝑖 is 
light pollution index which represent the percentage of light being wasted in the night 
sky in fixture 𝑖 and it can be calculated, as shown in Figure 5.3; 𝐿𝐹𝐸𝑖 is electricity 
consumption of light fixture 𝑖; 𝐻𝑃𝐷 is average number of light working hours per day; 
365 is number of days per year, and 𝑛𝑒𝑙 is number of exterior light fixtures.  
 
Figure 5.3 Light Pollution Index for Exterior Light Fixtures 
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5.2.5 Water Consumption 
Plumbing fixtures are responsible for the majority of water consumption in buildings, 
and they include water faucets, showerheads, kitchen sinks, urinals, and toilets. 
Building water consumption can be calculated in the present model based on type of 
building, type of plumbing fixtures, and number of occupants according the 
guidelines of the LEED rating system for existing buildings (USGBC 2014b). For 
example, the annual water consumption of non-residential buildings can be 
calculated based on (i) discharge rate of faucets, showerheads, and kitchen sinks; 
(ii) flushing rate of urinals and toilets; (iii) number of full time equivalent occupants, 
number of visitors, or retail customers, as shown in Equation (5-11) (U.S. Green 
Building Council 2010). 
𝑊𝐶 = [ ∑ (𝐷𝑅𝑘 ∗ 𝐷𝑃𝑈𝑘 ∗ 𝑈𝑃𝐷𝑘)3𝑘=1 + 𝑇𝐹𝑅 ∗ (𝑈𝑃𝐷𝑚
𝑇 ∗ 𝑃𝑀 + 𝑈𝑃𝐷𝑤
𝑇 ∗ (1 − 𝑃𝑀)) +
𝑈𝐹𝑅 ∗ 𝑈𝑃𝐷𝑈 ∗ 𝑃𝑀𝑂] ∗ 𝑁𝑂                    (5-11) 
Where: 𝑊𝐶 is building annual water consumption in (gallons); 𝐷𝑅𝑘 is discharge rate 
of faucet, showerhead, or sink 𝑘 in (gallons per minute), k is type of plumbing fixture 
where k = 1, 2, and 3 for bathroom faucets, showerheads, and kitchen sinks, 
respectively; 𝐷𝑃𝑈𝑘 is duration per use of faucet, showerhead, or sink k in (minutes) 
that are assumed to have an average duration of 0.25, 5, and 0.25 minutes for 
bathroom faucets, showerheads, and kitchen sinks, respectively (U.S. Green 
Building Council 2010); 𝑈𝑃𝐷𝑘 is number of uses per day of faucet, showerhead, or 
kitchen sink 𝑘 that are assumed based on the listed averages in Table 5.1; 𝑇𝐹𝑅 is 
toilet flushing rate in (gallons per flush), 𝑈𝑃𝐷𝑚
𝑇  is number of uses per day of the 
120 
 
toilets in the men’s bathroom (see Table 5.1), 𝑃𝑀 is percentage of men occupants in 
the building, 𝑈𝑃𝐷𝑤
𝑇  is number of uses per day of the toilets in the women’s bathroom 
(see Table 5.1), 𝑈𝐹𝑅 is urinal flushing rate in (gallons per flush), 𝑈𝑃𝐷𝑈 is number of 
uses per day for urinals (see Table 5.1); and 𝑁𝑂  is annual number of building 
occupants, visitors, or retail customers. 
Table 5.1 Average Uses per Day of Plumbing Fixtures in Non-Residential Buildings 
(U.S. Green Building Council 2010) 
Plumbing fixture 
Number of uses per day for full-time-equivalent 
Building 
occupants 
Building 
visitors 
Retail 
customers 
 Bathroom faucets: 𝑈𝑃𝐷1 3 0.5 0.2 
Showerheads: 𝑈𝑃𝐷2 0.1 0 0 
Kitchen sinks: 𝑈𝑃𝐷3 1 0 0 
Toilets in men’s bathrooms:  𝑈𝑃𝐷𝑚
𝑇  1 0.1 0.1 
Toilets in women’s bathrooms:  𝑈𝑃𝐷𝑤
𝑇  3 0.5 0.2 
Urinals: 𝑈𝐹𝑅 2 0.4 0.1 
 
5.3 Formulation Phase 
The optimization model is formulated in three main steps that identify the model 
decision variables, objective function, and constraints.  
5.3.1 Decision Variables 
The decision variables of the developed optimization model are designed to 
represent all feasible alternatives for upgrading existing buildings without requiring 
major reconstruction or renovation of its building envelope while enabling significant 
reduction in the building negative environmental impacts. The model is designed to 
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incorporate three decision variables in three main groups. The first group of decision 
variables includes all building equipment and fixtures that consume energy and 
water such as lighting fixtures and bulbs, HVAC systems, water heaters, 
refrigerators, vending machines, hand dryers, and water plumbing fixtures. Each of 
these is represented by an integer decision variable ( 𝑋𝑗
𝑖 ) that represents the 
selection of equipment or fixture 𝑋𝑗  in building location 𝑖  from a set of feasible 
alternatives, as shown in Figure 5.4. The second group of decision variables 
includes energy-saving measures, and they are represented by (i) an integer 
decision variable (𝑌𝑛
𝑚) that represents the selection of motion sensor, solar panel 
type, or inverter type Y𝑛 at location m from a set of feasible alternatives; or (ii) an 
integer decision variable (Y𝑅𝐸) that represents the percentage of renewable energy 
that can be generated at the building site to offset electricity demand, as shown in 
Figure 5.4. The third group of decision variables includes solid waste management 
plans that are represented by an integer decision variable (𝑍𝑘) that represents the 
disposal of solid waste 𝑘 using landfill, recycling, combustion, or composition, as 
shown in Figure 5.4.  
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Figure 5.4 Decision Variables Chromosome 
5.3.2 Objective Function 
The objective function in the present model is designed to minimize the negative 
environmental impacts of existing buildings. In order to aggregate all the negative 
environmental impacts of existing buildings in an index, the objective function is 
designed to account for all the aforementioned five metrics of GHG emissions, 
refrigerant impacts, mercury-vapor emissions, light pollution, and water use, as 
shown in Equation (5-12). This index is designed to range from a maximum value of 
1.0 that represents no reduction in the existing building negative environmental 
impacts to a minimum value of zero that represents a fully sustainable building with 
no negative environmental impacts.  
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𝐵𝐸𝐼𝐼 = 𝑊1 ∗
𝐺𝐸𝑅
𝐺𝐸𝑒
+ 𝑊2 ∗
𝑅𝐼𝑅
𝑅𝐼𝑒
+ 𝑊3 ∗
𝑀𝐸𝑅
𝑀𝐸𝑒
+ 𝑊4 ∗
𝐿𝑃𝑅
𝐿𝑃𝑒
+ 𝑊5 ∗
𝑊𝐶𝑅
𝑊𝐶𝑒
  (5-12) 
Where: 𝐵𝐸𝐼𝐼  is building environmental impacts index; 𝐺𝐸𝑅  is building GHG 
emissions after implementing upgrade measures; 𝐺𝐸𝑒  is existing building GHG 
emissions; 𝑅𝐼𝑅 is building refrigerant impacts after upgrade measures; 𝑅𝐼𝑒 is existing 
building refrigerant impacts; 𝑀𝐸𝑅is building mercury-vapor emissions after upgrade 
measures; 𝑀𝐸𝑒  is existing building mercury-vapor emissions; 𝐿𝑃𝑅  is building light 
pollution after upgrade measures; 𝐿𝑃𝑒 is existing building light pollution; 𝑊𝐶𝑅 is 
building water consumption after upgrade measures; 𝑊𝐶𝑒  is existing building water 
consumption; and 𝑊1, 𝑊2, … , 𝑎𝑛𝑑 𝑊5  are relative importance weights of the 
aforementioned five metrics of GHG emissions, refrigerant impacts, mercury-vapor 
emissions, light pollution, and water consumption, respectively.  
5.3.3 Constraints 
In order to ensure the practicality of the developed model, it is designed to comply 
with two types of constraints: (i) upgrade budget constraint, and (ii) building 
operational performance constraints. The upgrade budget constraint is integrated in 
the model to ensure that the cost of all building upgrades does not exceed the 
available upgrade budget, as shown in Equation (5-13).  
 𝐵𝑈𝐵   ∑ ∑ 𝑈𝐶(𝑋𝑗
𝑖) ∗ 𝑛𝑗
𝑖𝑁𝑗
𝑖=1 + ∑ ∑ 𝑈𝐶(𝑌𝑛
𝑚) ∗ 𝑛𝑛
𝑚𝑁𝑚
𝑛=1 +
3
𝑚=1
9
𝑗=1 ∑ 𝑈𝐶(𝑍𝑘)
𝑁𝑠𝑤
𝑘=1        (5-13) 
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Where: 𝐵𝑈𝐵 is building upgrade budget, 𝑈𝐶(𝑋𝑗
𝑖) is upgrade costs of building fixture 
𝑋𝑗
𝑖 , 𝑛𝑗
𝑖  is number of fixtures 𝑋𝑗  at location 𝑖 , 𝑈𝐶(𝑌𝑛
𝑚)  is upgrade cost of installing 
motions sensors, solar panels, or solar inverters 𝑋𝑛 at location 𝑚, 𝑛𝑛
𝑚 is number of 
motions sensors, solar panels, or solar inverters 𝑌𝑛
𝑚  at location 𝑚, and 𝑈𝐶(𝑍𝑘) is 
upgrade cost of managing solid waste 𝑍𝑘. 
The building operational performance constraints are integrated in the model to 
ensure that the required operational performance of the building will be maintained 
after replacing its fixtures and equipment including, lighting levels, space heating 
and cooling, and water heating. The model is designed to provide flexibility to 
building owners and managers by allowing them to identify a predefined reduction in 
the operational building performance. For example, the model is designed to 
maintain the water heating capacity or allows a predefined reduction in the water 
heater capacity by allowing the replacement of the existing water heater with 
equivalent capacity or a reduced capacity, as shown in Equation (5-14). Similarly, 
the optimization model is designed to maintain equivalent performance or allow a 
user-specified reduction in existing building operational performance for space 
heating and cooling, interior lighting, and exterior lighting using similar equations.   
∑ 𝐶𝑎𝑝(𝐸3
𝑖 ) ∗ (1 − R𝑤ℎ)  ≤  𝐶𝑎𝑝(𝑋3
𝑖 ) 
𝑁3
𝑖=1  (5-14) 
Where: 𝐶𝑎𝑝(𝐸3
𝑖 )  is the capacity of existing water heater 𝐸3  at location 𝑖  of the 
building, R𝑤ℎ is the allowed percentage reduction of the water heater capacity 𝐸3
𝑖 ; 
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and 𝐶𝑎𝑝(𝑋3
𝑖 ) is the capacity of the water heater possible replacement 𝑋3 at location 𝑖 
of the building.  
5.4 Implementation Phase 
The present model is implemented in four main steps: (i) executing the optimization 
computations using Genetic Algorithms, (ii) specifying the model input data, (iii) 
creating expandable databases that stores a wide range of data including green 
building fixtures and equipment and renewable energy systems; and (iv) generating 
a practical set of action reports and charts that provide a detailed description of the 
optimization results.  
5.4.1 Optimization Computations 
The optimization computations are executed using Genetic Algorithms (GAs) due to 
its capability of (i) modeling non-linearity and step changes in the objective function 
and constraints of the model, (ii) efficiently modeling this specific optimization 
problem with the least number of decision variables and constraints even for large 
buildings and databases, and (iii) identifying near optimal solutions for this type of 
problem in a reasonable computational time (Aytug and Koehler 1996; Goldberg 
1989; Greenhalgh and Marshall 2000; Pendharkar and Koehler 2007). The model is 
designed to perform replacement of building fixtures, installation of renewable 
energy systems, and management of building solid waste, which cause non-linear 
and step changes in the building negative environmental impacts and its operational 
performance. The computation procedure starts by searching the integrated 
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databases in the model in order to identify feasible replacements of HVAC systems 
and water heaters. The model then creates eQuest input files of feasible 
replacements of HVAC equipment and water heaters and sends them to eQuest 
simulation environment to calculate their energy consumption, as shown in 
Figure 5.5. The model then stores the calculated energy consumption of HVAC 
equipment and water heaters in a database where it can be used during the 
optimization process. It should be noted that the generated input files of eQuest are 
created with the energy loads of all the other existing fixtures such as lighting loads 
to account for the interaction of building systems in calculating the energy 
consumption of the building. Furthermore, the calculation of energy consumption for 
all feasible HVAC systems and water heaters are performed before GA 
computations to significantly reduce the computation time of the model, as shown in 
Figure 5.5. 
The GA computations starts by generating an initial population that represents a 
random selection of (i) building fixtures and equipment from the set feasible 
alternatives that exists in the model databases, (ii) motion sensors and/or renewable 
energy systems from a set of feasible alternatives in the databases, and (iii) 
management plans for the building solid waste from a set of feasible alternatives, as 
shown in Figure 5.5. The fitness of this initial population is then evaluated based on 
the index of negative environmental impacts and model constraints. Solutions that 
satisfy all the constraints and achieve low index of negative environmental impacts 
are classified as solutions with high fitness values. On the other hand, solutions that 
achieve a high index of negative environmental impacts or do not satisfy the model 
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constraints are classified as solutions with low fitness values or infeasible solutions, 
respectively. Solutions with high fitness are then ranked based on their index of 
negative environmental impacts where the GA operators of selection, crossover, and 
mutation are applied to generate a new set of population, as shown in Figure 5.5. 
This process is iteratively repeated until no further improvements are achieved within 
a predefined number of iterations. It should be noted that the initial population of the 
model is set based on the GA string and possible values of the model decision 
variables (Reed et al. 2000; Thierens et al. 1998).   
 
Figure 5.5 Model Implementation using GA 
5.4.2 Model Input Data 
The required input data to execute the aforementioned optimization computations 
include: (i) building characteristics such as building type, geometry, location, 
128 
 
envelop, doors and windows, activities, visitation/occupancy rate, and operational 
schedule; (ii) characteristics of building fixtures and equipment which can be 
specified in the model using its integrated databases; (iii) amounts of annual building 
solid waste; (iv) relative importance weights of the aforementioned five 
environmental impact metrics of GHG emissions, refrigerant impacts, mercury-vapor 
emissions, light pollution, and water consumption; (v) energy consumption of the 
building from energy bills; and (vi) cost and escalation rates of electricity, gas, and 
water.  
5.4.3 Expandable Databases 
In order to facilitate the input of the aforementioned data and improve its efficiency, 
the present model provides a user-friendly interface that integrates newly created 
and expandable databases. These databases are designed to include data on 
products of building fixtures, equipment, components of renewable energy systems, 
and emission factors of energy consumption and solid waste. The databases include 
general product data, cost data, energy and water characteristics, and physical 
characteristics of building fixtures, and components of renewable energy systems, 
including lighting bulbs and fixtures, motion sensors, HVAC equipment, water 
heater, hand dryers, vending machines, refrigerators, PCs, water coolers, solar 
panels, solar inverters, water faucets, urinals, and toilets. The databases also 
include data on energy intensity of water extraction, conveyance, treatment, 
distribution, and waste water treatment; and emission factors of energy consumption 
and solid waste according to the location of buildings in the United States. For 
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example, the equivalent emission factors of electricity consumption, electricity 
savings, and average transmission losses of all electricity grids are stored in the 
model databases, as shown in Table 5.2.  
Table 5.2 Sample of Emission Factors and Average Transmissions Losses of 
Electricity Grids in USA (TranSystems|E.H. Pechan 2012) 
eGRID subregion name  
Equivalent CO2 
emission rate 
(lb/MWh) 
Equivalent non-
baseload CO2 
emission rate 
(lb/MWh) 
Power grid 
average 
transmission 
loss (%) 
NPCC Upstate NY 500.35 1,353.21 5.82% 
SERC Virginia/Carolina 1,041.73 1,686.09 5.82% 
RFC West 1,528.76 2,012.22 5.82% 
FRCC All 1,181.63 1,305.85 5.82% 
WECC California 661.20 995.85 8.21% 
WECC Southwest 1,196.58 1,190.97 8.21% 
 
5.4.4 Optimization Results 
Upon the completion of the aforementioned steps of data input and optimization 
computations, the model is designed to generate a practical set of action reports and 
charts that provide a detailed description of its optimization results. These results 
include (i) the identified optimum environmental impacts index and its associated 
GHG emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and 
water consumption; (ii) action reports that provide detailed recommendations for 
replacing building fixtures, installing renewable energy systems, and managing 
building solid waste; and (iii) building life-cycle cost, operational cost, upgrade cost, 
and energy and water consumption before and after implementing the building 
upgrade measures. 
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5.5 Case Study 
A case study of an existing rest area building was analyzed and optimized by the 
developed model to demonstrate its use and illustrate its capabilities. This case 
study was selected due to its high levels of negative environmental impacts that are 
caused by its inefficient energy and water fixtures, its continuous operational 
schedule throughout the year, and its high visitation rates. The rest area building has 
a total area of 2500 square foot with 608 thousand annual visitors. It was built in 
1989 and renovated in 1992. The rest area building includes men’s bathroom, 
women’s bathroom, lobby, travel information desk, vending area, storage rooms for 
vending machines, mechanical room, attic, and detached small garage. The rest 
area has also parking lots for visitors that accommodate semi-trucks, and cars. The 
major contributors of energy consumption in the building include interior and exterior 
lighting, HVAC system, water heater, six vending machines, four hand dryers, five 
water coolers, PC, surveillance system, and five code blue emergency phones. The 
major contributors of water consumption in the building include eight toilets, two 
urinals, and six water faucets.  
In order to minimize the negative environmental impacts of the building, the required 
input data were identified and provided in the model. The input data were identified 
using the building drawings and a structured site visit to identify the operational 
schedule, type of services provided at the building, conditions and characteristics of 
the building fixtures and equipment, and potential energy and water efficiency 
measures that can be implemented in the building. The building characteristics input 
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data include the building area, construction materials, air infiltration, doors and 
windows, operational schedule, allocation of building activities, temperature set 
points, and airflow, as shown in Table 5.3. The characteristics of building equipment 
and fixtures were specified in the model by selecting these equipment and fixtures 
from the model databases, as shown in Table 5.4. The amounts of building solid 
wastes were reasonably estimated based on the findings of the conducted site visit, 
as shown in Table 5.5. The importance weights of building negative environmental 
impacts were identified based on the related credit areas in the LEED rating system 
for existing buildings as 80%, 2.5%, 2.5%, 2.5%, and 12.5% for GHG emissions, 
refrigerant impacts, mercury-vapor emissions, light pollution, and water 
consumption, respectively. It should be noted that these weights can vary from one 
decision maker to another, and the model enables them to specify their own weights 
accordingly. The actual consumption and rates of electricity, gas, and water rates in 
addition to their escalation rates were provided to the model, as shown Table 5.6. 
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Table 5.3 Sample Input Data of the Building Characteristics  
Description Building characteristics 
Building area 2500 square feet 
Building envelop (roof 
surfaces) 
Wood advanced frame 24’’ with dark brown shingles roofing and 
R-30 batt. 
Building envelop (above 
grade walls) 
6’’ CMU with brick exterior finishing and perlite filling  
Building infiltration 1.0 ACH for perimeter and core 
Building interior construction  
Lay-in acoustic tiles flooring with R-11 batt, and mass interior 
walls.  
Doors 
Two 8.6’ X 6’ air-lock entry with single bronze 1/4 in. glass in the 
east and west sides of the building, two 8.6’X6’ opaque doors 
with steel hollow core in the west side of the building, and two 
7’X3’ opaque doors with steel hollow core in the north and south 
sides of the building. 
Windows 
20.6% clear 3mm glass in the east and west sides of the building, 
and 18.5% clear 3mm glass in the east and west sides of the 
building.    
Building operation schedule 24 hours 
Allocation of building activities 
25.8% lobby, 6.5% office, 19.2% mechanical and electrical room, 
22.6% restrooms, 12.8% storage, and 13.1% retail sales. 
Temperature set and airflow 
72⁰F cooling, and 72⁰F heating, and minimum design flow of 0.5 
cfm/ft2. 
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Table 5.4 Sample Input Data of the Building Fixtures 
Building fixture  
 
Input data 
Decision 
variable 
original 
value 
Location 
Feasible 
Alternatives 
Description 
Number 
of fixtures 
Working 
hours 
per day  
𝑋1
1 = 20 
Men’s 
bathroom 
– Set 2 
 1 
Square fluorescent fixture 
with 2 T8 U-shaped lamps of 
28 Watts and 2265 lumens 
3 24 
 2 
Square fluorescent fixture 
with 2 T12 U-shaped lamps 
of 34 Watts and 2279 
lumens 
 … 
…. 
 20 
Square fluorescent fixture 
with 2 T12 U-shaped lamps 
of 35 Watts and 2235 
lumens 
𝑋2
1 = 1  
Building 
HVAC 
System # 
1 
 1 
Electric HVAC system  
1 24 
 2 
Ground-source heat pump 
 3 Gas Energy Star rated 
HVAC system 
 4 Electric Energy Star rated 
HVAC system  
𝑋3
1 = 1  
Building 
water 
heater  
 
1 
Electric Water heater  
1 24 
2 Energy-star rated gas water 
heater  
3 Energy-star rated electric 
water heater  
4 On-demand gas water 
heater 
𝑋5
1 = 1  
Men’s 
bathroom 
– hand 
dryers 
 1 Hand dryer - 2300 Watts and 
30 sec drying time 
2 Per use 
 2 Hand dryer - 1100 Watts and 
12 second drying time 
 3 Hand dryer - 1100 Watts and 
15 second drying time 
 ….. 
….. 
 9 Touchless paper towel 
dispenser 
𝑋8
2 = 1  
Women’s 
bathroom 
- toilets 
 1 Electronic flushing toilet with 
3.5 gallons per flush 
8 Per use  2 Electronic flushing toilet with 
1.6 gallons per flush 
 3 Electronic flushing toilet with 
1.28 gallons per flush 
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Table 5.5 Managing Solid Waste at the Rest Area Building 
Decision variable Solid waste Annual weight (ton) Managing solid waste 
𝑍1 = 1 Aluminum cans 0.13 Landfill 
𝑍2 = 1 Newspaper 0.26 Landfill 
𝑍3 = 1 Food scraps 0.52 Landfill 
𝑍4 = 1 Mixed paper 0.26 Landfill 
𝑍5 = 1 Mixed plastics 0.26 Landfill 
𝑍6 = 1 Mixed MSW 0.26 Landfill 
𝑍7 = 1 Paper towels 0 Landfill 
𝑍8 = 1 Bulbs and lamps N.A. Landfill 
 
Table 5.6 Annual Electricity Consumption, Utility Rates, and Discount Rate 
Description Rate 
Annual electricity consumption 210,312 KWH* 
Average electricity billing rate 0.106 $/KWH* 
Average gas billing rate 1.0 $/therm* 
Average water billing rate 0.01 $/Gallon* 
Discount rate 2% 
Escalation in electricity rates 0.7%** 
Escalation in natural gas rates 1.6%** 
*Utility bills, ** Energy Information Administration (U.S. Energy Information Administration 2013) 
The developed optimization model was used to minimize the negative environmental 
impacts of the rest area building while considering various upgrade budgets that 
range from $10K to $200K. The model identified the near-optimal upgrade decisions 
for the rest area building for all the specified upgrade budgets, as shown in 
Figure 5.6. For example, solution (a) in Figure 5.6 represents the generated near-
optimal solution for the specified upgrade budget of $25K, and it provides a 
moderate reduction in the negative building environmental impacts (BEII = 0.602)  
with an upgrade cost of $24,631, life-cycle cost of $1.073M, and a payback period of 
11.1 years. On the other hand, solution (c) in Figure 5.6 represents the generated 
optimal solution for the specified upgrade budget of $200K, and accordingly it 
provides the minimum negative building environmental impacts (BEII = 0.281) that 
was caused by reducing GHG emissions to 30%, the refrigerant impacts to 9%, the 
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mercury-vapor emissions to 4%, the light pollution to 0%, and the water consumption 
to 31%. The five categories of the negative environmental impacts of the rest area 
building are reduced by the model with the use of higher upgrade budgets as shown 
in solutions (a), (b), and (c) in Figure 5.6. The model minimizes the impacts of these 
five categories based on their relative importance weights, available upgrade 
budget, and the cost of building upgrade measures. 
The model is designed to generate action reports that include detailed information 
on all the recommended building upgrades. For example, a sample of the 
recommended upgrade measures and solid waste management plans for optimal 
solution (a) in Figure 5.6 is shown in Table 5.7 and Table 5.8, respectively. The 
model minimized the negative environmental impacts for solution (a) in Figure 5.6 by 
recommending the replacement of (i) existing light bulbs and lamps with more 
energy efficient alternatives and the installation of motion sensors to reduce GHG 
emissions; (i) exterior unshielded light fixtures with shielded light fixtures; (iii) existing 
HVAC equipment and water heaters with EnergyStar rated gas furnace and 
EnergyStar rated gas water heater that provide much less GHG emissions due to 
their use of natural gas rather than electricity; (iv) existing faucets, urinals, and toilets 
with more water-efficient plumbing fixtures to reduce water consumption and their 
related GHG emissions; and (v) existing hand dryers with paper towels and 
composting their waste to reduce GHG emissions.    
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Figure 5.6 Results of Minimizing Negative Environmental Impacts of the Rest Area 
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Table 5.7 Recommended Replacements of the Building Fixtures for Upgrade Budget 
of $25K 
Optimal 
solution 
Room Recommended replacements 
𝑋1
1, 𝑋1
3, 
𝑋1
5, & 𝑋1
7 
= 13  
Men's & women’s 
bathrooms, lobby, 
& information 
rooms 
Replace 32 existing T12 U-shaped lamps of 35 Watts, 2235 
lumens, and 18,000 hours life expectance with 22 T8 U-
shaped lamps of 28 Watts, 2380 lumens, and 30,000 hours 
life expectancy.  
𝑋1
2, 𝑋1
4, 
𝑋1
7, 𝑋1
9, & 
𝑋1
12 = 59  
Men's & women’s 
bathrooms, 
information, 
vending storage, 
& garage 
Replace 28 existing longitudinal fluorescent T12 lamps of 
34 Watts, 2280 lumens, and 20,000 hours life expectance 
with 10 longitudinal fluorescent T8 lamps of 25 Watts, 2280 
lumens, and 40,000 hours life expectancy. 
𝑋1
10, & 
𝑋1
11 = 59 
Mechanical room 
and attic 
Replace 16 existing longitudinal fluorescent T12 lamps of 
34 Watts, 2385 lumens, and 20,000 hours life expectance 
with 10 longitudinal fluorescent T8 lamps of 25 Watts, 2280 
lumens, and 40,000 hours life expectancy. 
𝑋1
16 = 7 
Exterior light 
poles 
Replace four exterior unshielded light fixtures with shielded 
light fixtures.  
𝑋2
1  = 3 Building 
Replace existing HVAC equipment with EnergyStar rated 
gas furnace and EnergySatr rated condensing units. 
𝑋3
1  = 2 Building 
Replace existing electric water heater with EnergyStar rated 
gas water heater.  
𝑋4
1  =2 Vending storage Replace existing fridge with energy efficient unit. 
𝑋5
1 & 𝑋5
2 
= 9 
Men's & women’s 
bathrooms 
Replace existing hand dryers of 2300w and 30 sec. drying 
time with touchless paper towel dispenser. 
𝑋7
1 & 𝑋7
2 
= 1 
Men's & women’s 
bathrooms 
Replace 6 existing water faucets of 1.5 gallons per minute 
with electronic faucets of 0.5 gallons per minute. 
𝑋8
1 & 𝑋8
2 
= 3 
Men's & women’s 
bathrooms 
Replace 8 existing toilets of 3.5 gallons per flush with water 
efficient toilets of 1.28 gallons per flush. 
𝑋9
1  = 2 Men's bathroom 
Replace 2 existing urinals of 1.6 gallons per flush with water 
efficient urinals of 0.125 gallons per flush. 
𝑌1
1 & 𝑌1
1 
= 2  
Men's & women’s 
bathrooms 
Install motion sensors to turn off the lighting automatically in 
men’s and women’s bathrooms when there is no occupants.   
 
Table 5.8.Recommendations of Managing Solid Waste for Upgrade Budget of $25K  
Solid waste 
Decision 
variable 
Recommendations 
Aluminum cans 𝑍1 = 2 Collect aluminum cans for recycling 
Newspaper 𝑍2 = 2 Collect newspapers for recycling 
Food scraps 𝑍3 = 4 Collect food scraps for composting 
Mixed paper 𝑍4 = 2 Collect mixed paper for recycling 
Mixed plastics 𝑍5 = 2 Collect mixed plastics for recycling 
Mixed MSW 𝑍6 = 3 Collect mixed MSW for combusting 
Paper towel 𝑍7 = 4 Collect paper towels for composting  
Bulbs and lamps 𝑍8 = 2 Collect bulbs/lamps at the end of their life for recycling 
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5.6 Summary and Conclusions 
This paper presented the development of an optimization model that is capable of 
optimizing the selection of building upgrade measures to minimize the negative 
environmental impacts of existing buildings. The optimization model was developed 
in three main phases: metrics identification phase, formulation phase, and 
implementation phase. The metrics identification phase developed novel metrics to 
quantify the negative environmental impacts of existing buildings based on their 
GHG emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and 
water consumption. The formulation phase identified the model decision variables, 
objective function, and constraints. The model was designed to incorporate building 
decision variables that have an impact on the environment including building fixtures 
and equipment, renewable energy systems, and solid waste management plans. 
The objective function was designed to minimize the aforementioned negative 
environmental impacts simultaneously. The model was integrated with a set of 
constraints to comply with a specified upgrade budget and owner-specified 
requirements for building operational performance.  
The model implementation phase was designed to perform the optimization 
computations and specify the model input and output data. The model was 
implemented using genetic algorithms due to the non-linearity and step changes in 
the model objective function and constraints. The model also integrated expandable 
databases to facilitate the selection of building fixtures and equipment and to allow 
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the model to seamlessly retrieve the required data of building fixtures and equipment 
during the optimization computations.  
A case study of a rest area building was analyzed to evaluate the performance of the 
developed model and illustrate its new capabilities. The results of the case study 
analysis reveal that the developed model was able to identify the minimum building 
environmental impacts associated with various upgrade budgets that ranged from 
$10K to $200K. For each of the generated solutions, the model provided detailed 
description of its generated results in replacing existing building fixtures and 
equipment, installing renewable energy systems, and managing building solid waste. 
The new and novel capabilities of the developed optimization model provide much-
needed support for building owners and managers in their ongoing efforts to 
minimize the negative environmental impacts of their existing buildings while 
complying with their limited upgrade budgets. 
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CHAPTER 6  
ECONOMIC OPTIMIZATION MODEL  
 
6.1 Introduction 
The objective of this chapter is to present an optimization model that is capable of 
selecting building sustainable measures to minimize the life-cycle cost of existing 
buildings while maintaining buildings operational performance and complying with an 
available upgrade budget. The objective of this model is to support building owners 
of residential and commercial building in their ongoing efforts to identify the required 
upgrade measures to minimize the life-cycle cost of their existing buildings by 
reducing the annual energy, water, maintenance, and replacement costs. The 
optimization model is developed in three main phases: (i) formulation phase which 
formulates the model decision variables, objective function and constraints; (ii) 
implementation phase which implements the model using Genetic Algorithms and 
identifies its input and output data using a database of building sustainability 
measures; and (iii) performance evaluation phase which analyzes and refines the 
performance of the optimization model using a case study of an existing public 
building, as shown in Figure 6.1. The following sections describe these three 
development phases. 
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Figure 6.1 Optimization Model Development Phases 
6.2 Formulation Phase 
The decision variables of the developed optimization model are designed to 
represent all feasible alternatives for upgrading existing buildings without requiring 
major reconstruction or renovation of its building envelope while enabling significant 
reduction in the building life-cycle cost. This covers all feasible alternatives for 
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upgrading building fixtures and equipment and the use of renewable energy 
systems, including combinations of lighting bulbs and fixtures, motion sensors, 
HVAC equipment, water heaters, hand dryers, vending machines and refrigerators, 
water coolers and PCs, solar panels, solar inverters, water faucets, urinals, toilets, 
and percentage of renewable energy that can be generated at the building site to 
offset its electricity demand. These building upgrade measures are represented by 
two types of decision variables: (1) 𝑋𝑗
𝑖  which is an integer decision variable 
representing the selection of building fixture or equipment 𝑋𝑗  in building location 𝑖 
from a set of feasible alternatives; and (2) 𝑋𝑅𝐸  which is a real decision variable 
representing the percentage of annual renewable energy to the annual building 
energy demand that need to be generated at the building site, as shown in 
Figure 6.2. The 𝑖  values of the decision variables 𝑋𝑗
𝑖  depend on the number of 
locations where a fixture or equipment j is located in the building, and the values of 𝑗 
depend on the type of the building fixture or equipment, as shown in Figure 6.2. For 
example, 𝑋1
10 represent a combination of light fixture and bulbs at location # 10 of 
the building.  
 
Figure 6.2 Decision Variables Chromosome 
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The objective function of the developed optimization model is designed to minimize 
the Life-Cycle Costs (LCC) of existing buildings which is calculated by summing up 
the LCC of all building fixtures, equipment, and sustainability measures; as shown in 
Equation (6-1). The LCC of a building fixture or equipment can be calculated by 
summing up all its costs during the study period of the building (Fuller and Petersen 
1996), including initial costs, annual energy and water costs, annual maintenance 
and repair costs, replacement costs, electricity savings due to the generation of 
renewable electricity, and salvage value, as shown in Figure 6.3. The initial costs 
include any capital investment for upgrading the building with sustainable measures 
that include purchase and installation costs. The energy and water costs are 
calculated based on energy and water consumption, utility rates, and price 
projection. The electricity consumption of lighting, hand dryers, vending machines, 
refrigerators, PCs, and water coolers are calculated based on the characteristics of 
the energy devices and operational schedule and usage of the building. For 
example, the energy consumption of hand dryers is calculated based on capacity of 
the hand dryer, average drying time according to the manufacturer, and number of 
uses per day, as shown in Equation (6-2). The energy consumption of the HVAC 
systems and water heaters are calculated in the model using the QUick Energy 
Simulation Tool “eQUEST” (U.S. Department of Energy 2013). The water 
consumption of the building is calculated based on the characteristics of the 
plumbing fixtures, type of building, and number of occupants. Maintenance and 
repair costs are calculated based on available guidelines, such as the Facility 
Maintenance and Repair Cost Reference (Whitestone Research 2013). 
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Replacement costs are calculated based on the purchase and installation costs of 
building fixtures or equipment and estimated life of the building fixture or equipment. 
The salvage value is estimated based on the remaining value of the building fixture 
or equipment at the end of its life (Fuller and Petersen 1996). In order to calculate 
the LCC of existing buildings, all the aforementioned costs of building fixtures, 
equipment, and sustainable measures are converted to present worth based on 
discount/interest rate. This discount/interest rate can be determined based on the 
investor’s rate of return. 
𝐵𝐿𝐶𝐶 =   ∑ ∑ 𝐿𝐶𝐶(𝑋𝑗
𝑖) ∗ 𝑛𝑗
𝑖𝑁𝑗
𝑖=1
12
𝑗=1                  (6-1) 
 
Where: 𝐵𝐿𝐶𝐶: is building life-cycle cost, 𝑁𝑗 is number of locations of building fixture 
or equipment 𝑋𝑗, 𝐿𝐶𝐶(𝑋𝑗
𝑖) is LCC of building fixture or equipment 𝑋𝑗
𝑖 which include 
upgrade costs, annual energy and water costs, escalation in utility costs, 
replacement costs, maintenance costs, annual electricity savings from renewable 
energy systems, and salvage value, and 𝑛𝑗
𝑖 is number of fixtures of equipment 𝑗 at 
location 𝑖.  
𝐻𝐷𝐸𝐶 =   ∑ 𝑊(𝑋5
𝑖 ) ∗ 𝐷(𝑋5
𝑖 ) ∗ 𝑈𝑃𝐷 ∗ 365
𝑁5
𝑖=1           (6-2) 
 
Where: 𝐻𝐷𝐸𝐶: is hand dryers electricity consumption in Kilowatt-hour, 𝑁𝑗 is number 
of locations of hand dryers, 𝑊(𝑋5
𝑖 ) electricity consumption in kilowatts of hand dryer 
𝑋5 at location 𝑖 of the building, 𝐷(𝑋5
𝑖 ) is average drying time in hours of hand dryer 
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𝑋5
𝑖 , 𝑈𝑃𝐷 is number of uses per day, and 365 is the number of days per year to 
calculate the annual energy consumption of hand dryers.  
 
Figure 6.3 LCC of Building Fixture, Equipment, or Sustainability Measure 𝑿𝒋
𝒊 
In order to ensure that the developed optimization model is providing feasible and 
practical solutions, four types of optimization constraints were integrated: (i) upgrade 
budget constraint, (ii) operational performance constraint, and (iii) decision variables 
constraint. The upgrade budget constraint is integrated in the model to ensure that 
the upgrade cost of replacing existing building fixtures and equipment or installing 
renewable energy systems do not exceed the available upgrade budget, as shown in 
Equation (6-3).  
𝐵𝑈𝐶 ≤   ∑ ∑ 𝑈𝐶(𝑋𝑗
𝑖) ∗ 𝑛𝑗
𝑖𝑁𝑗
𝑖=1
12
𝑗=1                      (6-3)  
Where: 𝐵𝑈𝐶 : is building upgrade costs, and 𝑈𝐶(𝑋𝑗
𝑖) is upgrade costs of building 
fixture or equipment 𝑋𝑗
𝑖. 
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The operational performance constraint is integrated in the model to ensure that the 
operational performance of the building is maintained after performing replacements 
of building fixtures and equipment such as lighting luminance, space heating and 
cooling, and water heating. The developed model is also designed to provide 
flexibility to decision makers by allowing them to identify a predefined reduction in 
the existing building performance. For example, the optimization model maintains 
the cooling and heating performance of buildings or allowing a predefined reduction 
by allowing the replacement of HVAC equipment with equivalent or reduced cooling 
and heating capacities, as shown in Equation (6-4) and Equation (6-5). Similarly, the 
optimization model is designed to maintain similar performance or allow a predefined 
reduction from the existing operational performance for interior lighting, exterior 
lighting, and water heaters.  
∑ 𝐶𝑜𝑜𝑙𝐶(𝐸4
𝑖 ) ∗ (1 − R𝑐) ≥ 𝐶𝑜𝑜𝑙𝐶(𝑋4
𝑖 )𝑁4𝑖=1       (6-4) 
∑ 𝐻𝑒𝑎𝑡𝐶(𝐸4
𝑖 ) ∗ (1 − Rℎ) ≥ 𝐻𝑒𝑎𝑡𝐶(𝑋4
𝑖 )𝑁4𝑖=1          (6-5) 
Where: 𝐶𝑜𝑜𝑙𝐶(𝐸4
𝑖 ) is the cooling capacity of existing HVAC system 𝐸4 at location 𝑖 of 
the building, R𝑐:  is the allowed percentage reduction of the HVAC 𝐸4
𝑖  cooling 
capacity, 𝐶𝑜𝑜𝑙𝐶(𝑋4
𝑖 ) is the cooling capacity of the possible replacement for the HVAC 
system 𝐸4 with 𝑋4 at location 𝑖 of the building, 𝐻𝑒𝑎𝑡𝐶(𝐸4
𝑖 ) is the heating capacity of 
existing HVAC system 𝐸4 at location 𝑖 of the building, Rℎ: is the allowed percentage 
reduction of the HVAC 𝐸4
𝑖  heating capacity, and 𝐻𝑒𝑎𝑡𝐶(𝑋4
𝑖 ) is the heating capacity of 
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the possible replacement for the HVAC system 𝐸4  with 𝑋4  at location 𝑖  of the 
building.  
The decision variables constraints are integrated in the model to set the boundaries 
of all the decision variables. 𝑋𝑗
𝑖 decision variables are set with a lower bound of zero 
to represent no building fixture or equipment at location 𝑖 of the building, and an 
upper bound to represent the total number of alternatives at location 𝑖 of the building. 
For example, 𝑋1
𝑖  is set with a lower bound of zero to represent no light fixture at 
location 𝑖, and upper bound of 1500 to represent 1500 feasible combinations of light 
fixtures and bulbs at location 𝑖 of the building.   
6.3 Implementation Phase  
The implementation of the developed optimization model was performed in three 
main steps: (i) performing the optimization computations using genetic algorithms; 
(ii) specifying the model input and output data; and (iii) creating databases for 
building fixtures, equipment, and components of renewable energy systems, as 
shown in Figure 6.4.   
The computations of the developed optimization model are performed using Genetic 
Algorithms (GAs) due to its capability of (1) modeling non-linearity and step changes 
in the objective function and constraints of the model, (2) identifying near optimal 
solutions for this type of problem in a reasonable computational time, and (3) 
efficiently modeling this specific optimization problem with the least number of 
decision variables and constraints even for large buildings and databases (Aytug 
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and Koehler 1996; Goldberg 1989; Greenhalgh and Marshall 2000; Pendharkar and 
Koehler 2007). The model is designed to perform replacements of building fixtures 
and equipment with more energy and water efficient devices, which causes 
nonlinearity and step-changes in the life-cycle cost of the building and the building 
operational performance. The solution process starts by searching for feasible 
replacements of HVAC equipment and water heaters from an integrated database in 
the model, as shown in Figure 6.4. After identifying those feasible replacements, 
input files are generated for eQuest based on the identified feasible alternatives for 
HVAC systems and water heaters. eQuest is used to run all these input files to 
calculate the energy consumption of the building for all its feasible replacements, 
which are then stored in a database where it can be recalled and used during the 
optimization process. It should be noted that the generated input files of eQuest are 
created with the energy loads of all the other existing fixtures such as lighting and 
hand dryers loads to account for the interaction of building systems in calculating the 
energy consumption of the building. Furthermore, the calculation of energy 
consumption for all feasible HVAC systems and water heaters are performed before 
GA computations to significantly reduce the computation time of the model, as 
shown in Figure 6.4. The computation time of the model is significantly reduced as it 
can retrieve the energy consumption of the HVAC systems and water heaters from 
the model database rather than running eQuest for each possible solution during the 
GA computations.   
The GA computations in the model start by generating a population of random 
solutions by replacing all the existing fixtures and equipment with feasible 
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alternatives from the model databases. The fitness of these solutions is evaluated 
based on the building life-cycle cost and model constraints. Solutions that satisfy all 
the model constraints and achieve low building life-cycle cost are identified as 
solutions with high fitness values. On the other hand, solutions that do not satisfy the 
model constraints or have high building life-cycle cost are identified as infeasible 
solutions or solutions with low fitness values, respectively. Solutions with high fitness 
values are ranked and sorted based on their building life-cycle cost. The GA 
operators of selection, cross over, and mutations are then applied and a new set of 
solutions are generated with potential for lower life-cycle cost. This process is 
iteratively repeated until a predefined number of iterations is completed or no further 
improvements is achieved within a predefined number of iterations. The initial 
population of the optimization problem is set based on the length of the GA string 
and possible values in each decision variable (Reed et al. 2000; Thierens et al. 
1998).  
The developed optimization model was implemented in a spreadsheet environment 
to facilitate the input of all necessary data and the generation of results and action 
reports. The input data of the developed model are designed to include (i) building 
characteristics such as geometry, location, building envelop and interior 
construction, doors and windows, allocation of building activities, visitation rate, and 
building operational schedule; (ii) selection of building fixtures and equipment from 
the model databases; (iii) billing rates for electricity, gas and water consumption in 
$/Kwh, $/therm, and $/gallon, respectively; and (iv) study period, annual discount 
rate and escalation in utility rates, as shown in Figure 6.4. The developed model is 
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designed to allow decision makers to select building fixtures and equipment from the 
created databases to facilitate and minimize building input data where the model 
analyzes the replacement of these fixtures and equipment during the optimization 
process. The output results of the developed optimization model is designed to 
include (i) building life-cycle cost, operational costs, and building annual energy and 
water consumption before and after minimizing the life-cycle cost of the building, (ii) 
upgrade costs and payback period after minimizing the life-cycle cost of the building, 
and (iii) action report which includes detailed recommendations for replacing existing 
building fixtures and equipment based on the results of the optimization model, as 
shown in Figure 6.4. 
 
Figure 6.4 Model Implementation 
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The developed optimization model is integrated with several databases that include 
products of building fixtures, equipment, components of renewable energy systems. 
These databases include general product data, cost data, energy and water 
characteristics data, and physical characteristics of exterior lighting fixtures and 
bulbs, interior lighting fixtures and bulbs, motion sensors, hand dryers, HVAC 
equipment, water heaters, vending machines and refrigerators, general devices such 
as PCs and water coolers, solar panels, solar inverters, water faucets, urinals, and 
toilets. For example, the general product characteristics, cost data, energy 
characteristics, and physical properties of 10 interior light bulbs in the lighting 
database of the developed model are shown in Figure 6.5. The products of building 
fixtures and equipment and their costs in the integrated databases are collected from 
manufacturers and retailers. The installation costs of these building fixtures and 
equipment were calculated using RSMeans building construction cost data 
(RSMeans 2013). The model is designed to perform replacement for the existing 
building fixtures and equipment with sustainable measures from the integrated 
databases. It should be noted that, the developed optimization model and its 
databases are designed with the flexibility of integrating new and updated 
sustainability measures. This illustrates the practicality of the model and its capability 
to continuously minimize the life-cycle cost of existing buildings as upgrade budgets 
are secured and more sustainable measures become available in the market. 
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Figure 6.5 Sample Database for Interior Light Bulbs  
6.4 Performance Evaluation Phase  
A case study of an existing highway rest area building was analyzed to 
illustrate the use of the developed optimization model, demonstrate its newly 
developed optimization capabilities, and evaluate its performance. Built in 1980, the 
analyzed building has a total area of 3,570 square feet with approximately 840 
thousand annual visitors according to a statistical analysis that was conducted in 
2009. The rest area building includes lobby, women’s bathroom, men’s bathroom, 
mechanical room, storage room, travel information desk, and technician office. The 
building has also a parking lot for visitors that accommodate cars and semi-trucks, 
and a large landscaped area and outdoor picnic tables. The building equipment and 
systems that have the highest share of its operational costs include interior and 
exterior lighting, HVAC system, water heater, hand dryers, vending machines, water 
coolers, personal computers, surveillance system, water faucets, urinals, and toilets.  
This case study was selected to evaluate the model performance due to its high 
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operational and life-cycle cost that are caused by its inefficient energy and water 
fixtures, its continuous operational schedule throughout the year, and its high 
visitation rates. 
In order to minimize the life-cycle cost of this building using the developed 
model, its required input data were identified and provided to the model, as shown in 
Figure . This input data was obtained from the building drawings and from a site visit 
of the building to identify (i) the types of services provided by the rest area; (ii) the 
conditions and characteristics of its appliances and fixtures; and (iii) potential 
savings and energy-efficiency measures that can be implemented in the building. A 
sample of the input data that summarizes the main building characteristics is shown 
in Table 6.1. The electricity, gas, and water billing rates as well as the discount rate 
are inputted in the model based on the obtained energy and water bills of the 
previous year and average discount rates, as shown in Table 6.2. The input data of 
building fixtures and equipment were identified based on the data collected during 
the site visit and by selecting these fixtures and equipment from the model 
databases, as shown in Table 6.3. These databases include all the needed data by 
the decision maker to select building fixtures and equipment, and the required data 
by the model to perform the optimization computations. The rest area building was 
modeled with 42 decision variables that resulted in a search space of 7.3*1030. 
Although larger buildings, such as an office building, require a higher number of 
decision variables, they can still be analyzed and optimized using the developed 
model that will require additional computational time and effort.  
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Table 6.1 Sample Input Data of Building Characteristics 
Description Building characteristics 
Building area 3575 square feet 
Building envelop (roof 
surfaces) 
Wood advanced frame 24’’ with dark brown shingles roofing and 
R-19 batt. 
Building envelop (above 
grade walls) 
8’’ CMU with brick exterior finishing, perlite filling, and R-6 wd 
furred insulation.  
Building infiltration 1.36 ACH for perimeter and core 
Building interior construction  
Lay-in acoustic tiles flooring with R-19 batt, wood standard 
framing with no board insulation, and mass interior walls.  
Doors 
7’ X 6’ air-lock entry with single bronze 1/8in. glass in the north 
side of the building, 7’X6’ door with single 1/8in bronze glass in 
the south side of the building, and two 7’X6’ opaque doors with 
steel hollow core. 
Windows 
30% single bronze 1/8in glass in north, east, and west sides of 
the building.   
Building operation schedule 24 hours 
Allocation of building activities 
31.9% lobby, 6.8% office, 13.1% mechanical and electrical room, 
26.6% rest rooms, 12.2% storage, and 9.4% retail sales. 
Temperature set and airflow 
68⁰F cooling, and 72⁰F heating, and minimum design flow of 0.5 
cfm/ft2. 
 
The developed model was used to optimize the building upgrade decisions to 
minimize its life-cycle cost for a study period of 40 years while considering various 
upgrade budgets that ranged from $10K to $125K. The developed model was able 
to identify the minimum life-cycle cost for all the specified upgrade budgets, as 
shown in Figure 6.6. For example for the specified upgrade budget of $25,000, the 
model identified a minimum life-cycle cost of $746,032 with annual savings of 
$15,365, and payback period of 1.61 year, as shown in Figure 6.6 for solution (a). 
Based on the results of the model for various upgrade budgets, the model was able 
to select building upgrade measures that achieve the highest savings of building life-
cycle cost within the least specified upgrade budget (i.e. $10K). As the upgrade 
budget increases, the model selected additional measures that can further reduce 
the life-cycle cost of the building, as shown in Figure 6.6. The optimization model 
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also provides the capability of generating an action report that provides detailed 
recommendations on the building fixtures and equipment.  The report also identifies 
the fixtures and equipment that need to be replaced or the renewable energy 
systems that need to be installed based on the optimization results. For example, 
the model provided detailed recommendations for replacing existing light bulbs and 
fixtures as well as plumbing fixtures, as shown in Table 6.4 and Table 6.5, 
respectively. Furthermore, the model is designed to show a comparison of building 
energy and water cost before and after minimizing the building life-cycle cost, as 
shown in Figure 6.7. It should be noted that the model did not recommend 
replacements of exterior lighting bulbs and fixtures as the available alternatives in 
the databases cannot provide the required lumen level with lower energy 
consumption. Similarly, the model did not recommend replacements for water 
faucets as the existing faucets have the lowest discharge rate in the model 
database. 
Table 6.2 Building Utility and Discount Rates 
Description Rate 
Average electricity billing rate 0.1 $/KWH 
Average gas billing rate 0.94 $/therm 
Average water billing rate 0.01 $/Gallon 
Discount rate 2% 
Escalation in electricity rates 0.7%* 
Escalation in natural gas rates 1.6%* 
*(U.S. Energy Information Administration 2013) 
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Table 6.3 Sample Input Data of Building Fixtures and Equipment 
Building fixture or 
equipment 
 
Input data 
Decision 
variable 
original 
value 
Location 
Feasible 
alternatives 
Description 
Number of 
fixtures or 
equipment 
Working 
hours 
per day  
𝑋1
1 = 1 
Men’s 
bathroom 
– Set 2 
 1 
Square fluorescent fixture 
with 2 T12 U-shaped 
lamps of 34 Watts and 
2279 lumens 
4 24 
 2 
Square fluorescent fixture 
with 2 T8 U-shaped lamps 
of 28 Watts and 2265 
lumens 
 … …. 
 17 
Square fluorescent fixture 
with 2 T8 U-shaped lamps 
of 40 Watts and 3050 
lumens 
𝑋4
1 = 1  
Building 
HVAC 
System # 
1 
 1 Gas HVAC system  
2 24 
 2 Ground-source heat pump 
 3 
Gas Energy Star rated 
HVAC system 
 4 
Electrical Energy Star 
rated HVAC system  
𝑋5
1 = 1  
Building 
water 
heater  
 
1 Gas Water heater  
1 24 
2 
Energy-star rated gas 
water heater  
3 
Energy-star rated electrical 
water heater  
4 
On-demand gas water 
heater 
𝑋7
1 = 1  
Men’s 
bathroom 
– hand 
dryers 
 1 
Hand dryer - 2300 Watts 
and 30 sec drying time 
4 Per use 
 2 
Hand dryer - 1100 Watts 
and 12 second drying time 
 3 
Hand dryer - 1100 Watts 
and 15 second drying time 
 4 
Hand dryer - 1500 Watts 
and 12 second drying time 
𝑋12
2 = 1  
Women’s 
bathroom 
- toilets 
 1 
Electronic flushing toilet 
with 3.5 gallons per flush 
10 Per use  2 
Electronic flushing toilet 
with 1.6 gallons per flush 
 3 
Electronic flushing toilet 
with 1.28 gallons per flush 
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Table 6.4 Recommended Replacements of Interior Lighting Bulbs for Solution (a) 
Optimal 
solution 
Room Recommended replacements 
𝑋1
1 = 10  
Men's bathroom 
set # 1 
Replace 12 existing T12 U-shaped lamps of 34 Watts, 2279 
lumens, and 18,000 hours life expectance with 12 T8 U-
shaped lamps of 32 Watts, 2253 lumens, and 30,000 hours 
life expectancy.  
𝑋1
2 = 56 
Men's bathroom 
set # 2 
Replace 16 existing longitudinal T12 lamps of 34 Watts, 
2279 lumens, and 20,000 hours life expectancy with 16 
longitudinal T8 lamps of 25 Watts, 2280 lumens, and 40,000 
hours life expectancy. 
𝑋1
3 = 10 
Women's 
bathroom set # 1 
Same recommendation at men’s bathroom set # 1 
𝑋1
4 = 56 
Women's 
bathroom set # 2 
Same recommendation at men’s bathroom set # 2 
𝑋1
5 = 10 Family bathroom  
Same recommendation at men’s bathroom set # 1 for 2 T12 
U-shaped lamps 
𝑋1
6 = 1 
Mechanical room 
set # 1 
Keep existing light bulb 
𝑋1
7 = 56 
Mechanical room 
set # 2 
Same recommendation at men’s bathroom set # 2 for 6 
longitudinal T12 lamps 
𝑋1
8 = 37 
Travel 
information room 
set # 1 
Replace 4 existing longitudinal T12 lamps of 20 Watts, 1200 
lumens, and 18,000 hours life expectancy with longitudinal 
T5 lamps of 14 Watts, 1269 lumens, and 20,000 hours life 
expectancy. 
𝑋1
9 = 54 
Travel 
information room 
set # 2 
Replace 10 existing longitudinal T12 lamps of 25 Watts, 
1950, 18,000 hours life expectancy with longitudinal T8 
lamps of 25 Watts, 2280 lumens, and 40,000 hours life 
expectancy. 
𝑋1
10 = 9  Lobby set # 1 
Replace 36 existing T12 U-shaped lamps of 34 Watts, 2279 
lumens, and 18,000 hours life expectance with T8 U-shaped 
lamps of 28 Watts, 2380 lumens, and 30,000 hours life 
expectancy. 
𝑋1
11 = 56 Storage 1  
Same recommendation at men’s bathroom set # 2 for 2 
longitudinal T12 lamps 
𝑋1
12 = 56 Storage 2  
Same recommendation at men’s bathroom set # 2 for 2 
longitudinal T12 lamps 
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Table 6.5 Recommended Replacements of Plumbing Fixtures for Solution (a) 
Optimal 
solution 
Room Fixture Recommended replacements  
𝑋10
1  = 1 Men's bathroom  Faucet Keep existing water faucets  
𝑋11
1  = 2 Men's bathroom  Urinal 
Replace existing urinal with electronic flush urinal of 
0.125 gallons per flush 
𝑋12
1  = 3 Men's bathroom Toilet 
Replace existing water toilets with Electronic flushing 
toilet of 1.28 gallons per flush 
𝑋10
2  = 1 Women’s bathroom Faucet Keep existing water faucets 
𝑋12
2  = 3 Women’s bathroom Toilet 
Replace existing water toilets with Electronic flushing 
toilet of 1.28 gallons per flush 
𝑋10
3  = 1 Family bathroom Faucet Keep existing water faucets 
𝑋12
3  = 3 Family bathroom Toilet 
Replace existing water toilets with Electronic flushing 
toilet of 1.28 gallons per flush 
 
 
Figure 6.6 Results of Minimizing Life-Cycle Cost of the Rest Area Building 
 
Figure 6.7 Energy Cost of the Rest Area Building before and after Minimizing Life-
Cycle Cost for Solution (a) 
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6.5 Summary and Conclusions 
An optimization model was developed to enable the selection of a near optimal set 
of upgrade sustainability measures for existing buildings in order to minimize their 
life-cycle cost while complying with the limited availability of upgrade budgets. The 
model is designed to identify this near optimal set of sustainability measures from 
feasible alternatives that include renewable energy systems such as solar panels, 
energy efficient equipment and systems such as LED lighting and efficient HVAC 
systems, and water-saving plumbing fixtures such as efficient faucets and toilets. 
The model minimizes building life-cycle costs, including sustainability measures 
upgrade costs, energy and water costs, escalation in utility costs, maintenance 
costs, replacement costs, annual savings due to generated electricity from 
renewable energy systems, and salvage values. The initial investment, 
maintenance, and replacement costs of building fixtures and equipment are obtained 
from an expandable database that includes all the required data such as available 
options of sustainable measures on the market. The model calculates the energy 
costs of the HVAC systems and water heaters in the building using an energy 
simulation program (eQuest) and utility rates. It also calculates the electricity cost of 
building fixtures such as lighting, hand dryers, vending machines, personal 
computers, and water coolers based on the characteristics of these fixtures, their 
operational schedule, and utility rate. 
The optimization computations in the model were performed using Genetic 
Algorithms (GA) due to the non-linearity of the objective function and constraints. 
The optimization model was implemented in a spreadsheet environment to facilitate 
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the input of all necessary data and the generation of results and action reports. An 
application example of an existing rest area building was analyzed to evaluate the 
performance of the developed model. The results of this analysis illustrated that 
model was able to identify a near optimal set of sustainability for each of the 
specified upgrade budgets that ranged from $10K to $125K. The model is designed 
to provide the optimization results in a graphical and tabular format which include: (i) 
life-cycle costs, operational costs, upgrade costs, and payback period; (ii) 
recommendations for replacing existing building fixtures and equipment based on 
the optimization results, and (iii) building energy and water cost before and after 
optimizing the building performance. The developed model is capable of minimizing 
the life-cycle cost of existing residential and commercial buildings at any location. 
The model is designed to account for the location of the building based on the 
weather conditions that can be integrated in eQuest energy simulation software. The 
new and unique capabilities of the developed model demonstrate a new integrated 
approach that will be useful to building owners and managers in their ongoing efforts 
to reduce the life-cycle cost of existing buildings and minimize their energy and 
water consumption. The primary contribution this research makes to the body of 
knowledge is its new methodology for optimizing the selection of building upgrade 
measures to minimize the life-cycle cost of existing buildings while complying with 
owner-specified requirements for building operational performance and budget 
constraints. It should be noted that the developed optimization model is limited to 
optimizing the upgrade of building fixtures and equipment and the use of renewable 
energy systems in existing buildings. Future expansions of the model include (1) 
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integrating additional upgrade measures for existing buildings such as building 
envelope, windows and doors; and (2) optimizing the design of new buildings. 
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CHAPTER 7  
SUSTAINABILITY OPTIMIZATION MODEL 
 
7.1 Introduction 
The objective of this chapter is to present the development of a multi-objective 
optimization model that is capable of selecting optimal building upgrade measures to 
maximize the sustainability of existing buildings. The developed optimization model 
is designed to optimize the three building sustainability objectives of minimizing 
negative environmental impacts, minimizing building upgrade cost, and maximizing 
the number of earned points in the LEED rating system for Existing Buildings (LEED-
EB). The multi-objective optimization model is developed in five main steps that 
focus on (i) selecting all relevant decision variables that have an impact on the 
aforementioned optimization objectives, (ii) formulating the objective functions to 
represent the aforementioned three building sustainability objectives, (iii) identifying 
and modeling all practical optimization constraints; (iv) implementing the multi-
objective optimization model using Non-dominated Sorting Genetic Algorithm 
(NSGAII); and (v) analyzing the performance of the developed model using a case 
study of an existing public building, as shown in Figure 7.1. The following sections 
describe in detail these five development steps of the multi-objective optimization 
model. 
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Figure 7.1 Optimization Model Development Steps 
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7.2 Decision Variables 
The decision variables of the present model are identified to represent all feasible 
alternatives for building upgrade measures that affect LEED-EB credit points and the 
environmental impacts of buildings. These decision variables are organized in three 
major categories (1) LEED-EB credit area variables, (2) energy and water 
consumption variables, and (3) solid waste management variables, as shown in 
Figure 7.2. In the first category, each decision variable is designed to represent the 
selection of a building fixture and/or credit area, from a set of feasible alternatives, to 
earn the number of points in its related credit area in the LEED-EB rating system. 
This category was modeled with decision variables 𝑌𝐾 which represent the selection 
of alternative 𝑌𝐾 in LEED-EB credit area k from a set of feasible alternatives, where 
k ranges from 1 to 43 to model all the credit areas in the LEED-EB rating system, as 
shown in Figure 7.2. For example, decision variable Y29 represents the selection of 
an upgrade measure, from a set of feasible alternatives, to reduce particles in air 
distribution to enable earning the available one point in credit area 1.4 in the indoor 
air quality division of the LEED-EB rating system, as shown in Figure 7.2.  
The second category of decision variables are designed to represent the selection of 
building fixture or equipment that affect building energy and water consumption, 
including feasible combinations of lighting fixtures and bulbs, motion sensors for 
interior-lighting, vending-machines, hand dryers, water heaters, HVAC systems, 
water faucets, urinals, toilets, and solar panels and inverters for grid connected 
photovoltaic systems. The selections of these measures have a direct impact on 
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building energy and water consumption, and on the negative environmental impacts 
of existing buildings. Accordingly, they are used in the developed model to calculate 
the number of points that can be earned in (1) related credit area 2 in the water 
efficiency division in the LEED-EB rating system, and (2) related credit areas 1, and 
4 in the energy and atmosphere division in the LEED-EB rating system. These 
decision variables are used to calculate the negative environmental impacts of 
existing buildings in terms of greenhouse gas emissions, refrigerant impacts, 
mercury-vapor emissions, light pollution, and water consumption as shown in the 
second objective function of this model. This category was modeled with two integer 
decision variables: (1) 𝑋𝑗
𝑖  that represents the selection of building fixture or 
equipment 𝑋𝑗 in building location 𝑖 from a set of feasible alternatives, and (2) 𝑋𝑅𝐸 that 
represents the percentage of renewable energy  𝑋𝑅𝐸 that can be generated at the 
building site, as shown in Figure 2. For example, 𝑋1
12 represent the selection of the 
first feasible combination of light fixtures and bulbs at location # 12 in the building.  
The third category of decision variables are designed to represent alternative 
methods for managing building solid waste including the use of landfill, recycling, 
composting, and combusting. These methods have direct impact on building 
greenhouse gas emissions and can earn up to 3 points in the ‘Materials and 
Resources’ division in the LEED-EB rating system, as shown in Figure 7.2. This 
category was modeled using integer decision variables 𝑍𝑚  which represent the 
selection of waste management plan for solid waste 𝑚, where the possible values of 
𝑚  ranges from 1 to the number of solid waste materials 𝑁𝑠𝑤  in the building, as 
shown in Figure 7.2. The possible values of the decision variable 𝑍𝑚 are 1, 2, 3, and 
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4 for managing building solid waste using landfill, recycling, composting, and 
combusting, respectively. For example, 𝑍5 = 2 represents recycling solid waste # 5 
of the building.  
 
Figure 7.2 Decision Variables 
7.3 Objective Functions 
The objective functions of the present model are designed to maximize the 
sustainability of existing buildings by (1) minimizing their negative environmental 
impacts, (2) minimizing building upgrade cost, and (3) maximizing the number of 
earned LEED-EB points. The first objective function minimizes the negative 
environmental impacts of existing buildings by minimizing their greenhouse gas 
emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and water 
consumption. These five categories were aggregated in one index to represent the 
overall environmental impact of existing buildings, as shown in Equation (7-1). This 
index is designed to range from a maximum value of 1.0 that represents no 
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reduction in the existing building negative environmental impacts to a minimum 
value of zero that represents a fully sustainable building with no negative 
environmental impacts.  
𝑀𝑖𝑛 𝐵𝐸𝐼𝐼 = 𝑊1 ∗
𝐺𝐸𝑅
𝐺𝐸𝑒
+ 𝑊2 ∗
𝑅𝐼𝑅
𝑅𝐼𝑒
+ 𝑊3 ∗
𝑀𝐸𝑅
𝑀𝐸𝑒
+ 𝑊4 ∗
𝐿𝑃𝑅
𝐿𝑃𝑒
+ 𝑊5 ∗
𝑊𝐶𝑅
𝑊𝐶𝑒
 (7-1) 
Where: 𝐵𝐸𝐼𝐼  is building environmental impacts index; 𝐺𝐸𝑅  is building GHG 
emissions after implementing upgrade measures which can be calculated using the 
energy emission factors provided by the Environmental Protection Agency based on 
(i) building energy consumption, (ii) energy consumption due to water extraction, 
treatment, and distribution, (iii) energy consumption due to wastewater treatment, 
and (iv) amounts and types of building solid waste (TranSystems|E.H. Pechan 
2012); 𝐺𝐸𝑒  is existing building GHG emissions; 𝑅𝐼𝑅  is building refrigerant impacts 
after upgrade measures which can be calculated based on the amounts and types of 
refrigerant leaks in HVAC condensing units, refrigerators, and vending machines; 
𝑅𝐼𝑒 is existing building refrigerant impacts; 𝑀𝐸𝑅is building mercury-vapor emissions 
after upgrade measures which can be caudated based on the amounts of mercury-
vapor in building lamps and bulbs; 𝑀𝐸𝑒 is existing building mercury-vapor emissions; 
𝐿𝑃𝑅 is building light pollution after upgrade measures which can be calculated for 
exterior light fixtures based on the amount of wasted light in the night sky; 𝐿𝑃𝑒 is 
existing building light pollution; 𝑊𝐶𝑅 is building water consumption after upgrade 
measures which can be calculated based on the characteristics of plumbing fixtures 
and number of building occupants; 𝑊𝐶𝑒 is existing building water consumption; and 
𝑊1, 𝑊2, … , 𝑎𝑛𝑑 𝑊5 are relative importance weights of the aforementioned five metrics 
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of GHG emissions, refrigerant impacts, mercury-vapor emissions, light pollution, and 
water consumption, respectively.  
The second objective function of this model is designed to minimize the total 
upgrade cost of existing buildings, including the required costs for (1) installing 
selected energy and water fixtures and/or equipment such as motion sensors and 
HVAC equipment, (2) managing building solid waste, (3) achieving the selected 
LEED-EB credit areas, and (4) satisfying all the prerequisites of the LEED-EB rating 
system, as shown in Equation (7-2).  
 𝑀𝑖𝑛 𝑇𝑈𝐶 = ∑ ∑ 𝑈𝐶𝑗
𝑖(𝑋𝑗
𝑖) ∗ 𝑛𝑗
𝑖
𝑁𝑗
𝑖=1
12
𝑗=1
+ ∑ 𝑈𝐶𝑚(𝑍𝑚)
𝑁𝑠𝑤
𝑘=1
+ ∑ 𝑈𝐶𝑘(𝑌
𝑘)
47
𝑘=1
+ ∑ 𝑃𝑈𝐶𝑙
4
𝑙=1
 (7-2) 
Where, 𝑇𝑈𝐶  is total upgrade cost; 𝑈𝐶𝑗
𝑖(𝑋𝑗
𝑖) is upgrade cost of installing selected 
energy and water fixture and/or equipment 𝑋𝑗
𝑖  in location 𝑖  of the building; 𝑛𝑗
𝑖  is 
number of fixtures and/or equipment 𝑋𝑗
𝑖 in location 𝑖 of the building; 𝑁𝑗 is number of 
locations of fixture or equipment 𝑋𝑗
𝑖  in the building; 𝑈𝐶𝑚(𝑍𝑚)  is upgrade cost of 
managing solid waste 𝑍𝑚; 𝑈𝐶𝑘(𝑌𝑘) is upgrade cost of alternative 𝑌𝑚 that satisfies the 
requirements of credit area 𝑘 in the LEED-EB rating system; and 𝑃𝑈𝐶𝑙 is prerequisite 
upgrade cost to satisfy the prerequisite credits of division 𝑙 in the LEED-EB rating 
system (𝑙=1 for water efficiency, 𝑙=2 for energy and atmosphere, 𝑙=3 for material and 
resources, and 𝑙=4 for indoor environmental quality). 
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The third objective function of this model is designed to maximize the total number of 
LEED-EB points that can be earned by (1) installing selected energy and water 
fixtures and/or equipment such as motion sensors and HVAC equipment, (2) 
managing building solid waste, and (3) achieving the selected LEED-EB credit 
areas, as shown in Equation (7-3) 
𝑀𝑎𝑥 𝑇𝐴𝐿𝑃 = 𝐶𝑃𝐵𝐸𝑃(𝐵𝐸𝑃) + 𝐶𝑃𝐵𝑊𝑃(𝐵𝑊𝑃) + 𝐶𝑃𝑅𝐸(𝑃𝑅𝐸) + ∑ 𝐶𝑃𝑘(𝑌𝑘)
43
𝑘=1       (7-3) 
Where, 𝑇𝐴𝐿𝑃 is total accredited LEED-EB points; 𝐶𝑃𝐵𝐸𝑃(𝐵𝐸𝑃) is number of credit 
points that can be achieved based on the building energy performance (𝐵𝐸𝑃) 
according to the guidelines of the credit areas of “minimum energy efficiency 
performance” and “optimize energy efficiency performance” in the LEED-EB rating 
system (U.S. Green Building Council 2010); 𝐶𝑃𝐵𝑊𝑃(𝐵𝑊𝑃) is credit points that can be 
achieved based on the building water performance (𝐵𝑊𝑃)  according to the 
guidelines of the credit areas of “minimum indoor plumbing fixture and fitting 
efficiency” and “additional indoor plumbing fixture and fitting efficiency” in the LEED-
EB rating system (U.S. Green Building Council 2010); 𝐶𝑃𝑅𝐸(𝑃𝑅𝐸) is credit points that 
can be achieved based on the percentage of generated renewable electricity (𝑃𝑅𝐸) 
according to the guidelines of the credit area of “on-site and off-site renewable 
energy” in the LEED-EB rating system (U.S. Green Building Council 2010); and 
𝐶𝑃𝑘(𝑌𝑘)  is credit point(s) that can be achieved by implementing alternative 𝑌𝑘 in 
credit area 𝑘 in the LEED-EB rating system.  
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7.4 Constraints 
To ensure practicality of the present model, a set of constraints were integrated in 
the model to ensure that the building operational performance after implementing the 
selected upgrade measures will satisfy all user-specified levels in various categories, 
including light luminance, space heating and cooling, and water heating. For 
example, the present optimization model is designed to analyze the replacement of 
existing light fixtures and bulbs while maintaining similar light lumens output or 
allowing a predefined reduction in light lumens output, as shown in Equation (7-4). 
Similarly, the developed model includes additional constraints to maintain user-
specified levels in other building performance categories such as space heating and 
cooling, and water heating. 
∑ 𝐿𝑂(𝐸1
𝑖) ∗ [1 − PALR𝑖] ≤  𝐿𝑂(𝑋1
𝑖)
𝑁1
𝑖=1
 (7-4) 
Where, LO(𝐸1
𝑖) is lumens output of existing combination of light fixture and bulb(s) 
𝐸1
𝑖 , PALRi  is percentage of allowable light reduction in location i of the building, 
LO(X1
i ) is lumens output for a possible replacement of light bulb X1
i . 
7.5 Implementation  
The present model was implemented in four main steps: (1) performing the 
optimization computations using Non-dominated Sorting Genetic Algorithms II 
(NSGAII); (2) identifying the model input data; (3) creating expandable databases of 
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building fixture and equipment alternatives, renewable energy systems, and energy 
and waste emission factors; and (4) generating action reports that provide detailed 
description of the optimization results. 
The optimization computations of the model were performed using NSGAII due to 
the multi-objective requirements of the present model and the non-linearity and step 
changes of its optimization functions and constraints (D’Souza and Simpson 2003; 
Deb 2005; Deb et al. 2002; Weile et al. 1996). The model was designed to execute 
the optimization computations in three main tasks (1) calculating energy 
consumption of feasible alternatives of HVAC equipment and water heaters, (2) 
generating initial population, (3) evaluating and applying NSGAII operators for a 
predefined number of generations, as shown in  Figure 7.3. The first task starts the 
optimization process by searching the integrated databases for feasible 
replacements of all building fixtures and equipment, and the installation of renewable 
energy systems. The model then creates input files of eQuest simulation 
environment for feasible replacements of HVAC equipment and water heaters. The 
model sends these input files to eQuest simulation environment to calculate the 
energy consumption for feasible replacements of HVAC equipment and water 
heaters. The model then saves the calculated energy consumption in the model 
databases, as shown in Figure 7.3. The second task starts by identifying the 
population size (P), number of generations (G), crossover rate (C), and mutation rate 
(M). The model then generates an initial population that represents a random 
selection from a set of feasible alternatives for (i) building fixtures and equipment, (ii) 
renewable energy systems, (iii) plans for managing building solid waste, and (iv) 
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LEED-EB credit areas, as shown in Figure 7.3. The third task is then used to 
evaluate the fitness of the generated initial population based on the index of 
negative environmental impacts, upgrade cost, number of earned LEED-EB points, 
and model constraints. Solutions that satisfy all the constraints and achieve (1) low 
index of negative environmental impacts, (2) low upgrade cost, and (3) high number 
of earned LEED-EB points are classified as solutions with high fitness values. On 
the other hand, solutions that achieve (1) higher index of negative environmental 
impacts (2) higher upgrade cost, and/or (3) lower number of earned LEED-EB points 
are classified as solutions with low fitness values and are dominated by solutions 
with higher fitness values. Furthermore, solutions that do not satisfy the model 
constraints are classified as infeasible solutions. Non-dominated solutions are then 
passed to the NSGAII operators of selection, crossover, and mutation to generate a 
new set of population, as shown in Figure 7.3. The aforementioned procedure of the 
third task is iteratively repeated until a predefined number of generations is reached 
(Deb et al. 2002).   
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Figure 7.3 Model Implementation using NSGAII  
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The required input data to perform the aforementioned optimization computations 
include (i) building characteristics such as building geometry, type, location, envelop, 
windows and doors, activities, occupancy/visitation rate, and operational schedule; 
(ii) characteristics of building fixtures and equipment which can be specified in the 
model using the integrated databases; (iii) amounts of building solid waste; (iv) 
relative importance weights of the five categories of the building negative 
environmental impacts of GHG emissions, refrigerant impacts, mercury-vapor 
emissions, light pollution, and water consumption; (v) energy and water consumption 
from the building energy and water bills; and (vi) upgrade cost of alternatives in the 
LEED-EB credit areas. 
The optimization model includes several databases that contain data on building 
fixtures and equipment, components of renewable energy systems, and emissions 
factors of energy consumption and solid waste. These databases include general 
product data, cost data, energy and water characteristics data, and physical 
characteristics data of interior light fixtures and bulbs, exterior light fixtures and 
bulbs, motion sensors, hand dryers, HVAC equipment, water heaters, vending 
machines, refrigerators, general devices such as PCs and water coolers, solar 
panels, solar inverters, water faucets, urinals, and toilets. For example, a sample of 
the database that contains the relevant data for 10 feasible alternatives for the hand 
dryers is shown in Figure 7.4. The model is designed to calculate the GHG 
emissions and refrigerant impacts of existing buildings from the emission factors of 
energy and solid waste materials that are stored in the databases. It should be noted 
that, the developed optimization model and its databases are designed with the 
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flexibility to incorporate new and updated sustainability measures to ensure its 
practicality.  
 
Figure 7.4 Sample Database for Hand Dryers  
Upon the completion of the required input data and the computations of the 
optimization process, the model generates its output data in the form of charts and 
action reports. These charts and action reports include (i) a set of non-dominated 
optimal tradeoff solutions among the aforementioned three optimization objectives, 
as shown in Figure 7.5; (ii) the identified environmental impact for each of the 
generated optimal tradeoff solutions along with its associated GHG emissions, 
refrigerant impacts, mercury-vapor emissions, light pollution, and water 
consumption; (iii) the identified upgrade cost and number of earned LEED-EB points 
for each of the generated optimal tradeoff solutions; and (iv) action reports for each 
of the generated optimal solutions that provide detailed recommendations for 
replacing building fixtures, installing renewable energy systems, and managing 
building solid waste. 
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7.6 Performance Evaluation 
A case study of an existing public building was analyzed to evaluate the model 
performance, illustrate its use, and demonstrate its newly developed capabilities. 
The public building was built in 1989 and renovated in 1992. It has a total area of 
2500 square feet with approximately 608 thousand annual visitors. The public 
building includes men’s bathroom, women’s bathroom, lobby, travel information 
desk, vending area, storage rooms for vending machines, mechanical room, attic, 
and detached small garage. The major contributors of energy consumption in the 
building include interior and exterior lighting, HVAC system, water heater, six 
vending machines, four hand dryers, five water coolers, PC, surveillance system, 
and five emergency phones. The major contributors of water consumption in the 
building include eight toilets, two urinals, and six water faucets. This public building 
was selected for evaluating the present model performance due to the high negative 
environmental impacts and operational costs that are caused by the building 
inefficient energy and water fixtures, its continuous operational schedule throughout 
the year, and its high visitation rates. 
In order to maximize the sustainability of this building using the developed 
optimization model, its required input data were identified and provided to the model. 
This input data was obtained from available building drawings and a set of structured 
site visits in order to identify (1) the building characteristics, as shown in Table 7.1; 
(2) existing building fixtures and equipment that can be selected from the integrated 
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databases, as shown in Table 7.2; and (3) the required upgrade cost to satisfy 
LEED-EB credit areas, as shown in Table 7.3. 
Table 7.1 Sample Input Data of the Building Characteristics  
Description Building characteristics 
Building envelop (above 
grade walls) 
6’’ CMU with brick exterior finishing and perlite filling  
Building infiltration 1.0 ACH for perimeter and core 
Building interior construction  
Lay-in acoustic tiles flooring with R-11 batt, and mass interior 
walls.  
Windows 
18.5% clear 3mm glass in the east and west sides of the building 
and 20.6% clear 3mm glass in the east and west sides of the 
building.  
Building operation schedule 24 hours 
Allocation of building activities 
26% lobby, 6.5% office, 19% mechanical and electrical room, 
22.5% restrooms, 13% storage, and 13% retail sales. 
Temperature set and airflow 
72⁰F cooling, and 72⁰F heating, and minimum design flow of 0.5 
cfm/ft2. 
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Table 7.2 Sample Input Data of the Building Fixtures  
Building fixture  
 
Input data 
 Decision 
variable 
original 
value 
Location 
Feasible 
alternatives 
Description 
Number of 
fixtures 
Working 
hours 
per day  
𝑋1
1 = 13 
Men’s 
bathroom 
– lighting 
set 1 
 1 
Square fluorescent fixture 
with two T12 U-shaped lamps 
of 34 Watts and 2279 lumens 
3 24 
 
 2 
Square fluorescent fixture 
with two T8 U-shaped lamps 
of 28 Watts and 2265 lumens 
 
 … ….  
 17 
Square fluorescent fixture 
with two T8 U-shaped lamps 
of 40 Watts and 3050 lumens 
 
𝑋2
1 = 1  
Building 
HVAC 
system # 
1 
 1 Electric HVAC system  
1 24 
 
 2 
Gas Energy Star rated HVAC 
system  
 3 
Electric Energy Star rated 
HVAC system  
 4 Ground-source heat pump  
𝑋3
1 = 1  
Building 
water 
heater  
 
1 Electric Water heater  
1 24 
 
2 
Energy-star rated electric 
water heater  
3 
Energy-star rated gas water 
heater  
4 On-demand gas water heater  
𝑋5
1 = 1  
Women’s 
bathroom 
– hand 
dryers 
 1 
Hand dryer - 2300 Watts and 
30 sec drying time 
2 Per use 
 
 2 
Hand dryer - 1100 Watts and 
12 second drying time  
 3 
Hand dryer - 1100 Watts and 
15 second drying time  
 ….. …..  
 10 
Touchless paper towel 
dispenser  
𝑋8
2 = 1  
Men’s 
bathroom 
- toilets 
 1 
Electronic flushing toilet with 
3.5 gallons per flush 
3 Per use 
 
 2 
Electronic flushing toilet with 
1.6 gallons per flush  
 3 
Electronic flushing toilet with 
1.28 gallons per flush  
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Table 7.3 Sample Input Data for LEED-EB Credit Area Variables 
Decision 
variable 
LEED-EB credit 
Feasible 
alternatives 
Upgrade 
cost 
Credit 
points 
Y20 
Sustainable purchasing-
ongoing consumables 
1 $0 0 
2 $0 1 
Y21 
Sustainable purchasing-
durable goods 
1 $0 0 
2 7,100 1 
3 10,200 2 
Y31  
Outdoor air delivery 
monitoring 
1 
2 
3 
$0 
$6,500 
$10,000 
0 
1 
1 
Y33   
Reduced particulates in air 
distribution 
1 
2 
$0 
$70 
0 
1 
Y36   
Controllability of systems 
lighting 
1 
2 
$0 
$190 
0 
1 
Y37    Thermal comfort monitoring 
1 
2 
$0 
$1800 
0 
1 
Y42 
Sustainable cleaning 
equipment 
1 
2 
$0 
$1,600 
0 
1 
Y43  
Indoor chemical and 
pollutant source control 
1 
2 
$0 
$900 
0 
1 
 
 
The model was used to optimize the selection of upgrade measures in order to 
minimize the negative environmental impacts and upgrade cost of the building while 
maximizing its earned number of LEED-EB points. The model was able to identify a 
total of 5405 non-dominated optimal solutions, where each represents a unique and 
optimal tradeoff among the three aforementioned optimization objectives, as shown 
in Figure 7.5. Furthermore, the model generated a set of optimal solutions that 
represent optimal tradeoffs between (1) the building negative environmental impacts 
and upgrade cost, as shown in Figure 7.6; and (2) the number of earned LEED-EB 
points and upgrade cost, as shown in Figure 7.7.  
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Analyzing the generated optimal tradeoffs between the environmental impact index 
and upgrade cost illustrate that the model was able to identify two extreme optimal 
solutions that provide (1) the least upgrade cost (UC = $0) that represents the 
existing conditions of the building, as shown in solution (a) in Figure 7.6; and (2) the 
least building negative environmental impact (BEII = 0.2919) that was achieved by 
implementing the most energy- and water-efficient building upgrade measures, as 
shown in solution (b) in Figure 7.6. In addition to these two extreme solutions, the 
model generated a wide range of optimal tradeoff solutions that decision makers can 
select from based on the available upgrade budget, as shown in Figure 7.6.    
Similarly, the generated optimal tradeoffs between the number of earned LEED-EB 
points and upgrade cost illustrate that the model was able to identify two extreme 
optimal solutions that provide (1) the least upgrade cost for the building (UC = 0), as 
shown in solution (a) in Figure 7.7; and (2) the highest number of earned LEED-EB 
points (LEED-EB = 75), as shown in solution (c) in Figure 7.7. Solution (a) 
represents the existing conditions of the building with 11 earned LEE-EB points by 
selecting credit areas that require no upgrade cost. On the other hand, solution (c) 
represents the maximum number of LEED-EB points that can be earned by selecting 
all feasible alternatives that leads to earning LEED-EB points in all feasible credit 
areas. Furthermore, the model generated a wide range of optimal tradeoff solutions 
between the number of earned LEED-EB points and upgrade cost, as shown in 
Figure 7.7. 
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Figure 7.5 Solutions of Optimal Tradeoff among the three Sustainability Objectives 
 
Figure 7.6 Optimal Tradeoffs between Negative Environmental Impacts Index and 
Building Upgrade Cost  
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Figure 7.7 Optimal Tradeoffs between Earned LEED-EB Points and Building 
Upgrade Cost 
 
The model is designed to generate action reports that include detailed information of 
all the recommended building upgrades for all the identified optimal solutions. For 
example, a sample of the recommended upgrade measures for optimal solutions (b) 
and (c) in Figure 7.5 are shown in Table 7.4 and Table 7.5. Solution (b) provided the 
minimum negative environmental impacts by recommending all the possible 
measures that can reduce the negative environmental impacts of the public building. 
The model selected all light bulbs from the databases that consume the least 
amount of electricity in order to minimize the building electricity consumption and 
reduce the greenhouse gas emissions of solution (b), as shown in Table 7.4. The 
model also complied with the required luminance levels for all light fixtures as shown 
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in Table 7.4 that allowed 5% reduction in the luminance of all the building light 
fixtures.  
Similarly, the generated action reports for solution (c) recommended the 
implementation of all feasible upgrade measures that can achieve the highest 
possible points in the LEED-EB rating system although they do not necessary 
provide the least energy consumption, as shown in Table 7.4 and Table 7.5. For 
example, the identified light replacements in solution (c) do not provide the least 
electricity consumption for the building, however they provide the necessary 
reduction to earn the maximum possible number of LEED-EB points, as shown 
inTable 7.4. These optimal results illustrate the capabilities of the developed 
optimization model to generate a wide range of optimal solutions that provide unique 
and optimal tradeoffs among the aforementioned three optimization objectives.  
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Table 7.4 Sample of Recommended Replacements of Interior Lighting for Solutions 
(b) and (c) 
Room 
Recommended replacements  
Solution (b) 
Recommended replacements  
Solution (c) 
Men's 
bathroom 
set # 1 
Replace 6 existing T12 U-shaped lamps 
of 35 Watts, 2235 lumens, and 18,000 
hours life expectance with 6 T8 U-
shaped lamps of 28 Watts, 2237 
lumens, and 24,000 hours life 
expectancy (𝑋1
1 = 9). 
Replace 6 existing T12 U-shaped lamps of 
35 Watts, 2235 lumens, and 18,000 hours 
life expectance with 6 T8 U-shaped lamps 
of 28 Watts, 2380 lumens, and 30,000 
hours life expectancy (𝑋1
1 = 9). 
Men's 
bathroom 
set # 2 
Replace 6 existing longitudinal T12 
lamps of 34 Watts, 2280 lumens, and 
20,000 hours life expectancy with 6 
longitudinal T8 lamps of 25 Watts, 2280 
lumens, and 40,000 hours life 
expectancy (𝑋1
2 = 59). 
Replace 6 existing longitudinal T12 lamps 
of 34 Watts, 2280 lumens, and 20,000 
hours life expectancy with 6 longitudinal 
T8 lamps of 28 Watts, 2660 lumens, and 
36,000 hours life expectancy (𝑋1
2 = 28). 
Women's 
bathroom 
set # 1 
Same recommendation as men’s 
bathroom set # 1(𝑋1
3 = 9). 
Same recommendation as men’s 
bathroom set # 1(𝑋1
1 = 9). 
Women's 
bathroom 
set # 2 
Same recommendation as men’s 
bathroom set # 2 (𝑋1
5 = 59). 
Replace 6 existing longitudinal T12 lamps 
of 34 Watts, 2280 lumens, and 20,000 
hours life expectancy with 6 longitudinal 
T8 lamps of 28 Watts, 2726 lumens, and 
20,000 hours life expectancy (𝑋1
2 = 27). 
Lobby set # 
1 
Same recommendation at men’s 
bathroom set # 1 for 16 T12 U-shaped 
lamps (𝑋1
5 = 9). 
Replace 16 existing T12 U-shaped lamps 
of 35 Watts, 2235 lumens, and 18,000 
hours life expectance with T8 U-shaped 
lamps of 29 Watts, 2358 lumens, and 
24,000 hours life expectancy (𝑋1
5 = 4). 
Information 
room set # 
1 
Replace 4 existing longitudinal T12 
lamps of 35 Watts, 2235 lumens, and 
18,000 hours life expectancy with 4 
longitudinal T8 lamps of 31 Watts, 2358 
lumens, and 24,000 hours life 
expectancy (𝑋1
6 = 15). 
Replace 4 existing longitudinal T12 lamps 
of 35 Watts, 2235 lumens, and 18,000 
hours life expectancy with 4 longitudinal 
T8 lamps of 31 Watts, 2465 lumens, and 
24,000 hours life expectancy (𝑋1
6 = 12). 
Information 
room set # 
2 
Same recommendation as men’s 
bathroom set # 2 for 6 longitudinal T12 
lamps (𝑋1
7 = 59). 
Replace 6 existing longitudinal T12 lamps 
of 34 Watts, 2280 lumens, and 20,000 
hours life expectancy with 6 longitudinal 
T8 lamps of 28 Watts, 2480 lumens, and 
36,000 hours life expectancy (𝑋1
5 = 36). 
Vending 
storage 
room set # 
1 
Replace 4 existing longitudinal T12 
lamps of 34 Watts, 2385, 20,000 hours 
life expectancy with longitudinal T8 
lamps of 28 Watts, 2635 lumens, and 
20,000 hours life expectancy (𝑋1
8 = 53). 
Replace 4 existing longitudinal T12 lamps 
of 34 Watts, 2385, 20,000 hours life 
expectancy with longitudinal T8 lamps of 
28 Watts, 2480 lumens, and 30,000 hours 
life expectancy (𝑋1
5 = 32). 
Mechanical  
room set # 
1 
Same recommendation as vending 
storage room set # 1 for 8 longitudinal 
T12 lamps (𝑋1
8 = 53). 
Keep existing light lamps. 
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Table 7.5 Recommended LEED–EB Credit Areas for Solution (c) 
LEED-EB 
divisions 
LEED-EB 
credit areas 
Decision variable 
Upgrade 
cost 
Earned 
points 
Sustainable 
Sites 
Credit 2  Y1 =1 $0 1 
Credit 3 Y2 =1 $0 1 
Credit 5 Y4 =1 $0 1 
Credit 6 Y5 =1 $50,000 1 
Credit 7.1 Y6 =1 $11,500 1 
Water 
Efficiency 
Credit 1 Y9 = 1 $600 1 
Credit 2 N.A.* 6,892 5 
Credit 3 Y10 = 1 $0 5 
Energy and 
Atmosphere 
Credit 1 N.A.* $66,087 15 
Credit 2.1 Y13 =1 $0 2 
Credit 2.2 Y14 =1 $0 2 
Credit 2.3 Y15 =1 $800 2 
Credit 3.1 Y16 =1 $3,500 1 
Credit 3.2 Y17 =1 $3,506 1 
Credit 4 N.A. $108,701 6 
Credit 5 Y18 =1 $500 1 
Credit 6 Y19 =1 $0 1 
Materials 
and 
Resources 
Credit 1 Y20 =1 $300.0 1 
Credit 2 Y21 =2 $7,000 1 
Credit 3 Y22 =1 $400 1 
Credit 4 N.A.* $100 1 
Credit 5 Y23 =1 $400 1 
Credit 6 N.A.* $500 1 
Credit 7 N.A.* $500 1 
Credit 8 Y24 =1 $400 1 
Credit 9 Y25 =1 $0 1 
Indoor 
Environmen
tal Quality  
Credit 1.2 Y27 =1 $6,500 1 
Credit 1.3 Y28 =1 $1,400 1 
Credit 1.4 Y29 =1 $70 1 
Credit 1.5 Y30 =1 $700 1 
Credit 2.1 Y31 =1 $500 1 
Credit 2.2 Y32 =1 $190 1 
Credit 2.3 Y33 =1 $1,800 1 
Credit 3.1 Y35 =1 $0 1 
Credit 3.2 Y36 =1 $1,300 1 
Credit 3.3 Y37 =1 $0 1 
Credit 3.4 Y38 =1 $1,600 1 
Credit 3.5 Y39 =1 $900 1 
Credit 3.6 Y40 =1 $0 1 
Innovation 
in Operation 
Credit 2 Y42 =1 $0 1 
Credit 3 Y43 =1 $0 1 
Regional 
Priority 
Credit 1 N.A. $0 4 
Total -- -- $276,646 75 
* The decision variables of this credit area are included in decision variables of Category 2 and 3 
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7.7 Summary and Conclusions 
This chapter presented the development of a multi-objective optimization model for 
maximizing the sustainability of existing buildings by minimizing their negative 
environmental impacts and upgrade costs and maximizing their earned number of 
LEED-EB points. The multi-objective optimization model is developed in five main 
steps that focus on (i) selecting all relevant decision variables that have an impact 
on the aforementioned optimization objectives, (ii) formulating the objective functions 
to represent the aforementioned three building sustainability objectives, (iii) 
identifying and modeling all practical optimization constraints; (iv) implementing the 
multi-objective optimization model using Non-dominated Sorting Genetic Algorithms 
(NSGAII); and (v) analyzing the performance of the developed model using a case 
study of an existing public building. The performance of the developed optimization 
model was analyzed and refined using a case study of an existing public building. 
The results of analyzing this case study highlight the new and unique capabilities of 
the developed model and the support that it can provide to decision-makers in their 
efforts to search for and identify optimal selections of building upgrade measures 
that minimize the negative environmental impacts and upgrade cost of existing 
buildings while maximizing their earned LEED-EB points.  
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CHAPTER 8  
CONCLUSIONS 
8.1 Summary  
The present research study focused on evaluating and optimizing the selection of 
sustainability measures for existing buildings. The new research developments in 
this study include (1) evaluating the actual operational performance of sustainability 
measures in existing buildings, (2) developing a novel LEED optimization model that 
is capable of achieving user-specified certification levels with minimum upgrade 
cost, (3) developing an innovative environmental model that is capable minimizing 
the negative environmental impacts of existing buildings, (4) developing an 
economic model that is capable of minimizing life-cycle cost of existing buildings, 
and (5) developing a multi-objective optimization model that is capable of generating 
optimal tradeoffs among the building sustainability objectives of minimizing negative 
environmental impacts, minimizing upgrade cost, and maximizing LEED points.   
First, the operational performance of sustainability measures in existing buildings 
was evaluated by conducting a comprehensive survey of State Departments of 
Transportation (DOTs) to gather and analyze their experiences in implementing 
various green measures. The analyzed green building measures in this 
comprehensive survey, include LED lighting, induction lighting, energy efficient 
fluorescent lighting, solar panels, solar water heaters, solar daylight tubes, 
geothermal heat pumps, wind power technology, motion activated lighting, double 
pane glass windows, energy efficient hand driers, exhaust heat recovery, airtight 
entrances, water conserving toilets, water conserving urinals, water conserving 
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faucets, rain gardens, and grey water systems. The main findings of the conducted 
survey include (1) the types and frequencies of implemented green building 
measures in state DOT buildings; (2) the degree of user satisfaction for each of the 
implemented green building measures; (3) the ease of maintenance for these green 
measures; (4) the encountered problems and repair costs after implementing these 
green measures; (5) the experienced average reduction in electricity/water usage 
and expected payback period for each green measure; and (6) the overall 
performance of each of the analyzed green building measures that represents its 
collective performance in user satisfaction, ease of maintenance, encountered 
problems, and payback period. These important findings based on user experiences 
on the performance of building measures are useful to both researchers and 
professionals in the construction industry and will contribute to better selection and 
use of these measures toward improving building sustainability. 
Second, a novel LEED optimization model is developed to minimize the required 
upgrade cost for achieving a desired LEED certification level such as Silver or Gold. 
The model is designed to identify the most feasible and cost-effective building 
measures, plans, and/or performance to achieve a specified LEED certification for 
existing buildings. The optimization model was developed in four stages that focus 
on: (1) identifying decision variables that represent all feasible building upgrade 
measures; (2) formulating an objective function that is capable of minimizing the 
required upgrade cost to achieve a specified LEED-EB certification level; (3) 
modeling all relevant optimization constraints to ensure practicality of the model and 
its generated results; and (4) implementing the model using genetic algorithms due 
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to its capabilities in optimizing problems that include nonlinear and discontinuous 
objective function and constraints. A project case study of a rest area building is 
used to illustrate the optimization model and to demonstrate its novel and unique 
capabilities. The results of this analysis illustrated the novel and unique capabilities 
of the model in identifying optimal sets of upgrade decisions to achieve various 
certification levels in the LEED-EB rating system with the least upgrade costs. These 
new capabilities should prove useful to building owners and facility managers and 
are expected to promote and expand the use of green upgrade measures in existing 
buildings. 
Third, an innovative environmental model is developed to provide the capability of 
optimizing building upgrade decisions to minimize the negative environmental 
impacts of existing buildings. The developed optimization model is developed with 
novel metrics to quantify and minimize five categories of building negative 
environmental impacts including greenhouse gas (GHG) emissions, refrigerant 
impacts, mercury-vapor emissions, lighting pollution, and water use. The developed 
model is designed to provide the optimal selection of building upgrade measures 
and plans of managing building solid waste to minimize the negative environmental 
impacts of existing buildings while complying with a specified upgrade budget and 
building operational performance. The model is developed in three main phases: (1) 
metrics identification phase that develops metrics to quantify the negative 
environmental impacts of existing buildings; (2) formulation phase that formulates 
the model decision variables, objective function, and constrains; and (3) 
implementation phase that performs the optimization computations and specifies the 
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model input and output data. A case study of a rest area building is analyzed to 
evaluate the performance of the developed model and illustrate its new capabilities. 
The results of analyzing the case study demonstrated the capabilities of the model in 
identifying an optimum set of building upgrade measures and plans of managing 
building solid waste to minimize the building negative environmental impacts while 
complying with the specified upgrade budget and building operational performance.  
 Fourth, a new economic optimization model is developed to minimize the life-cycle 
cost of existing buildings while complying with owner-specified requirements for 
building operational performance and budget constraint. This optimization model 
accounts for the life-cycle cost of existing buildings which include initial upgrade 
costs due to the implementation of sustainability measures, operational costs and 
savings, escalation in utility costs, maintenance costs, replacement costs, and 
salvage values of all building fixtures and equipment, and components of renewable 
energy systems. The optimization model is developed in three main phases: (1) 
formulation phase which identifies the model decision variables, objective function 
and constraints; (2) implementation phase which executes the model computations 
using Genetic Algorithms and identifies its input and output data using databases of 
building sustainability measures; and (3) performance evaluation phase which 
analyzes and refines the performance of the optimization model using a case study 
of an existing public building. These new and unique capabilities of this optimization 
model demonstrate a new integrated approach that is useful to building owners and 
managers in their ongoing efforts to reduce the life-cycle cost of existing buildings 
and minimize their energy and water consumption.  
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Fifth, a multi-objective optimization model that is capable of generating optimal 
tradeoffs among the building sustainability objectives of minimizing negative 
environmental impacts, minimizing upgrade cost, and maximizing LEED-EB points. 
The model enables decision-makers to identify optimal solutions for building upgrade 
measures, LEED credit areas, and plans of managing building solid waste, where 
each of these optimal solutions provides a unique and optimal tradeoff among the 
aforementioned three optimization objectives. The multi-objective optimization model 
is developed in five main steps that focus on (i) selecting all relevant decision 
variables that have an impact on the aforementioned optimization objectives, (ii) 
formulating the objective functions to represent the aforementioned three building 
sustainability objectives, (iii) identifying and modeling all practical optimization 
constraints; (iv) implementing the multi-objective optimization model using Non-
dominated Sorting Genetic Algorithm (NSGAII); and (v) analyzing the performance 
of the developed model using a case study of an existing public building The new 
and unique capabilities of the developed model enable decision-makers to efficiently 
and effectively search for and identify optimal selections of building upgrade 
measures that are capable of minimizing the negative environmental impacts and 
upgrade cost of existing buildings while maximizing their earned LEED-EB points. 
This is expected to provide much-needed support to decision-makers in their on-
going efforts to maximize the sustainability of existing buildings.     
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8.2 Research Contributions 
The main research contributions of this study can be summarized as follows: 
1. Creating new knowledge on the operational performance of recently 
implemented sustainable measures in existing buildings.  
2. Developing a novel LEED optimization model to identify optimal selections 
of building upgrade measures and/or plans to achieve user-specified 
LEED certification levels with the least upgrade cost. 
3. Creating new metrics for quantifying the negative environmental impacts 
and economic benefits of using green measures in existing buildings. 
4. Developing an innovative environmental optimization model that is 
capable of identifying optimal upgrade measures in order to minimize the 
negative environmental impacts of existing building. 
5. Developing a novel economic optimization model for minimizing the life 
cycle-cost of existing buildings. 
6. Developing a multi-objective optimization model that is capable of 
generating optimal tradeoffs among the building sustainability objectives of 
minimizing negative environmental impacts, minimizing upgrade cost, and 
maximizing LEED points. 
Furthermore, the application of the aforementioned models in optimizing the 
sustainability decisions for existing buildings can lead to more broad and profound 
impacts including reducing the energy and water consumption of existing buildings; 
reducing the need for and reliance on fossil fuels; reducing greenhouse gas 
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emissions, refrigerant impacts, mercury-vapor emissions, and light pollution; and 
reducing the annual operational cost and life-cycle cost of existing buildings. 
8.3 Future Research Work 
Although the present study was able to fully accomplish its research objectives, a 
number of additional research areas have been identified to expand and build on the 
completed research work in this study. These future research areas include: (1) 
developing an optimization model that is capable of identifying building upgrade 
measures to maximize the social quality of life in existing buildings; and (2) 
developing innovative and integrated optimization models for achieving LEED 
certification levels for other rating systems such as LEED building design and 
construction, LEED building interior design and construction, LEED neighborhood 
development, and LEED home rating systems.  
8.3.1 Social Quality of Life in Existing Buildings 
Poor indoor air quality and thermal discomfort in aging buildings have often been 
reported to cause negative impacts on building occupants, including headaches, 
illness, absenteeism, discomfort, fatigue, stress, distractions, skin and eye irritations, 
and breathing difficulty. These negative impacts can be reduced or mitigated by 
improving the quality of indoor environment, including enhanced indoor lighting 
conditions, thermal comfort, and air quality. To optimize the social quality of life in 
existing buildings, there is a pressing need to (1) develop metrics that are capable of 
quantifying the social quality of life in existing buildings, and (2) develop optimization 
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models that are capable of searching for and identifying building upgrade measures 
that can be implemented in existing buildings to maximize their social performance 
while complying with available upgrade budgets and operational performance of 
buildings.  
8.3.2 LEED Rating Systems 
Several rating systems have been developed by the U.S. Green Building Council 
(USGBC) according to the purpose and status of the building under consideration. 
These rating systems include (1) building design and construction; (2) interior design 
and construction; (3) neighborhood development; and (4) homes (USGBC 2012). 
Decision makers and building owners often seek to maximize the certification level 
of their buildings under these LEED rating systems while keeping their additional 
cost to a minimum. To support decision makers in this this challenging task, there is 
a pressing need to develop optimization models that are capable of searching for 
and identifying optimal selection of LEED credit areas to achieve LEED certification 
requirements with minimum additional cost.  
8.3.3 Building Envelope and Occupancy Patterns 
The decision variables of the developed optimization model are designed to 
represent all feasible alternatives for upgrading existing buildings without requiring 
major reconstruction or renovation of its building envelope while enabling significant 
reduction in the building negative environmental impacts and life-cycle cost. Other 
decision variables can have significant impact on the energy and water consumption 
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of existing buildings. These decision variables can be represented in the building 
envelope which include type of wall and roof insulation, and type of windows and 
doors. Furthermore, the occupancy patterns in existing buildings can have impact on 
the energy and water consumption which can be represented with discrete events 
and energy simulation models. The developed optimization models in this research 
can be expanded to consider the aforementioned decision variables and patterns of 
building occupants. 
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